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ABSTRACT 

Abstract of a dissertation submitted in partial fulfilment of the 

requirements for the Degree ofM.E. (Nat. Res.) 

INVESTIGATION OF FLOOD RISK & EROSION MITIGATION 

ON THE RANGITATA RIVER 

ATKLONDYKE 

by M.O. Healey 

Risks to operational integrity of the Rangitata Diversion Race (RDR) presented by bank erosion and extreme 

discharges in the Rangitata River are investigated. Specific investigations are confmed to two locations within 

the Klondyke reach of the river, namely Intake Bend and Klondyke Bend. 

A fluvial geoniorphologicalassessment of the Rangitata River, and specifically the Klondyke reach, is carried 

out to facilitate the selection of appropriate erosion mitigation measures. 

Historical flood data for the Rangitata River are analysed and a flood frequency analysis using annual maximum 

discharge data is carried out. A risk analysis of flood damage to the RDR intake structure and canal at Intake 

Bend is undertaken using the results of flood frequency analysis and a calibrated MIKE 11 numerical hydraulic 

model. 

AI: 150 scale, moveable bed, physical hydraulic model of the Intake Bend reach is used to investigate and 

evaluate methods for the mitigation of fluvial erosion of the RDR embankment and sediment admission to the 

RDR canal. An analysis of the effect of RDR water abstraction on bed aggradation in the river below the RDR 

intake is undertaken using the river flow-duration curve and semi-empirical sediment transport equations. 

Assessment of erosion trends and mitigation options at Klondyke Bend are undertaken primarily through 

analysis of historical photographs and river discharge data. River morphology trends are inferred from study of 

river terrace remnants, recent river bank erosion, bar morphology and intervening discharge regimes. A generic 

analysis of the effects on river bed and water surface profiles from a proposed bend cut-off, to mitigate erosion 

at Klondyke Bend, is undertaken using a HEC-6 morphological model. Assessment of erosion mitigation 

options and conceptual design of a recommended option are based on the above data and from documented 

experience of similar situations on other rivers. 

KEY WORDS: Rangitata River, Klondyke, Rangitata Diversion Race (RDR), Canterbury, New Zealand, river 

bank erosion, physical hydraulic modelling, computational hydraulics, fluvial geomorphology, 

river engineering, hydrology, flood frequency analysis. 
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PREFACE 

This dissertation topic was conceived during the authors involvement in the "Rangitata Diversion Race 

Irrigation Schemes Efficiency Study" undertaken by staff and students of the Department of Natural Resources 

Engineering, Lincoln University over the summer of 1994-95. Objectives, field support and funding for the 

present investigation were provided by RDR Management Ltd. The investigation was performed at the 

Department of Natural Resources Engineering, Lincoln University as partial fulfilment of a Masterate of 

Engineering (Natural Resources) under the supervision of Dr Tim Davies and Dr David Painter. 

This dissertation has been divided into seven chapters. In general each chapter has been written with the intent of 

forming an independent document. This style was chosen because of the distinctly modular nature of the 

investigation and due to the intention to make particular sections of the work more readily available to interested 

parties. The modular nature is reflected in the physical layout of each chapter which contains its own detailed 

table of contents and lists of figures and tables. Each chapter also has page, section, figure and table numbering 

independent of the other chapters. A full table of contents and list of figures, tables, drawings and symbols are 

included at the end ofthis initial section. 

Chapter I provides a general introduction to the investigation. Chapter 2 describes the present state of the river 

system, including field data collection methods used in the investigation, recent morphology of the river and the 

perceived mechanisms at work within the Klondyke reach. This information is required to gain an 

understanding of the present state of the reach and the various spatial and temporal scales of processes at 

work to assist in interpretation of river behaviour and to facilitate the selection of appropriate erosion 

mitigation measures. Chapter 3 discusses the general hydrology of the catchment, but deals mainly with an 

assessment of the river discharge record and the formulation of an appropriate flood frequency analysis. Th.is 

information is used as a correlation to river bank erosion and to quantify risk of flood damage. Chapter 4 

analyses the risk of damage to the RDR canal and associated structures resulting from extreme river discharges. 

This is undertaken using the fmdings of Chapter 3 and the results of a calibrated MIKE II numerical hydraulic 

model of the Intake Bend reach. Chapter 5 details the construction and testing of a small-scale, moveable bed, 

physical hydraulic model of Intake Bend to investigate and evaluate methods for the mitigation of fluvial 

erosion of the RDR embankment and sediment admission to the RDR canal. Chapter 6 investigates erosion 

trends at Klondyke Bend. Various methods for the mitigation of erosion are evaluated and a conceptual design 

for the recommended option is presented. Chapter 7 summaries the results of previous chapters and uses this 

information to form overall conclusions and recorrlmendations resulting from the investigation. 

A large number of photographs and illustrations have been included in this dissertation in order to adequately 

document and explain various features of the investigation. These figures are placed at the end of each chapter 

from which they are referred. Tables, however, are located within the text because of their fewer number. 
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A glossary of tenns and abbreviations used in the text is presented following the end of Chapter 7. This is 

followed by a full bibliography of works referred to during the course of the investigation. A series of 

appendices containing material relevant to the investigation are included at the end of this document. 

A collection of plans and drawings resulting from the work undertaken are included in a separate drawing 

cylinder. These have been referred to within the text as Drawing no. x. 

While undertaking work for this investigation the meaning of the word Rangitata was raised. Inquiries made 

of "experts" in this area were unfruitful. However, Reed (1982) p. 97 gives the following definition: 

Rangitata: rangi : sky or day; tata : lowering clouds. "A day oflowering clouds". 

Although this may be an accurate literal translation it seems to lack any real meaning for the location. An 

alternative and possibly more satisfactory translation can be given from Williams (1992): 

p. 324. Rangi. 8. Tower or elevated platform used for purposes of attack or defence of a pa. 

p.393. Tata. 1. Near, of place or time. 

. . 

This combination of possible meanings appears to be appropriate given the magnificent suite of ancient 

stepped fluvial-glacial terraces extending up to 70 m above the Rangitata River in its upper Plains reach. 

These terraces are unequalled in the Canterbury region in their striking fonn and dominance of the landscape. 

Thus a more appropriate (loose) translation of Rangitata could be "The place near the terraces". 

It is hoped that RDR Management Ltd finds this work a useful resource for future management of the intake 

section of the RDR. It is also hoped that this work will be a useful resource for those studying or undertaking 

work on the Rangitata River or similar rivers. 
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1.1. INVESTIGATION OVERVIEW 

1.1.1 General 

This dissertation documents an investigation into risk to the operational integrity of the Rangitata Diversion 

Race (RDR) presented by bank erosion and extreme discharges in the Rangitata River. 

The investigation was performed at the Department of Natural Resources Engineering, Lincoln University as 

partial fulfilment of a Masterate of Engineering (Natural Resources). RDR Management Ltd set objectives 

for the investigation and provided funding and field assistance for the work undertaken. 

The Rangitata River and Rangitata Diversion Race (RDR) are located in the South Canterbury region of the 

South Island of New Zealand (Figure 1-1). 

The Klondyke reach of the Rangitata River is situated immediately downstream of the Rangitata Gorge at the 

upper margin of the plains, approximately 60 km inland from the coast (Figure 1-2). 

The RDR intake is located at the upstream end of the Klondyke reach at Intake Bend. The RDR parallels the 

Rangitata River for approximately 8 km before heading inland toward the Rakaia River at Highbank. 

Klondyke Bend is located approximately 3.5 km downstream from the RDR intake and together with Intake 

Bend are the two locations which have been the focus of this investigation 1. 

1.1.2 Flood Risk at Intake Bend 

RDR Management Ltd requested that risk to operational integrity of the RDR from extreme flood events in 

the Rangitata River be investigated. This information is crucial to RDR Management Ltd for identification of 

areas requiring remedial works, long term asset management, contingency planning and for insurance 

purposes. 

Direct risks presented to the RDR system in the Klondyke reach stem from damage to the intake structure and 

damage resulting from over-topping of the RDR canal embankment. Over-topping of the RDR canal is likely 

to result in damage to the embankment and deposition of silt and debris in the race. Over-topping water may 

also cause damage to the intake radial gate structure and float-house and other downstream structures 

including the RDR sand trap and race bridges. Excess water within the race may also result in a downstream 

breach of the RDR embankment causing further damage to the race itself and to adjacent property and assets. 

I The names of these two locations reflect their respective proximity to the RDR intake and Klondyke Station and have 

been adopted to provide ease of reference within this dissertation. 
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The approach taken for the risk assessment was to construct a numerical hydraulic model of the Intake Bend 

reach so that water surface profiles of flood discharges could be accurately simulated. This allowed 

calculation of discharges of critical flood profiles, ie. those which would be likely to result in damage to RDR 

assets. The probability of occurrence of these floods was then estimated by performing a return period 

analysis of historical river flows. 

Modelling the consequences of embankment over-topping, breaching of the RDR embankment and down

channel flooding were not undertaken. 

An analysis of flood frequency in the Rangitata River is detailed in Chapter 3. Formulation and testing of the 

computer model and the results of the risk analysis are detailed in Chapter 4. 

1.1.3 Intake Bend Erosion & RDR Sediment Exclusion 

Concern has been expressed by RDR Management Ltd at perceived river bank erosion resulting in narrowing 

of the RDR embankment along Intake Bend. It was considered that if left unchecked this erosion could 

abrade the embankment to such an extent that during a large flood event a breach through to the RDR would 

occur. This concern was based on field observations and comparison of recent and historical aerial and 

terrestrial photographs of the area. 

It was suggested that a physical hydraulic model of the reach may be able to discern whether this erosion 

poses a risk to the diversion race and if so to use the model to test various methods of controlling the erosion. 

From field observations and inspection of aerial photographs a possible link was suggested between the 

orientation of the intake weir and downstream bank erosion. Linked with this has been concern over sediment 

admission to the RDR canal and whether the present intake weir geometry is optimal for minimising such 

admission. It was requested that the physical model be used to investigate the effectiveness of various weir 

geometry scenarios in reducing downstream erosion and RDR sediment admission. 

Initial analysis of erosion at Intake Bend is undertaken in Chapter 2. The results of the physical model 

investigations are detailed in Chapter 5. Overall results of the investigations and recommendations for future 

action at Intake Bend are given in Chapter 7. 
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1.1.4 Klondyke Bend Erosion 

Fluvial erosion of the true left river bank terrace at Klondyke Bend has been of concern to management of the 

RDR for some time. It is considered that further erosion of this terrace could undermine the adjacent RDR 

embankment resulting in breach of the race and the need for extensive remedial works. 

Significant erosion occurred at this site during the floods of December 1979 which resulted in a need to 

seriously address the problem. Two erosion mitigation options were suggested and investigated. The first 

option involved placing a rock rip-rap lined embankment along the toe of the terrace to directly protect it 

from erosion. The second option involved realigning the meander pattern using a series of rock-lined 

embankments. The former option was eventually selected and implemented because of its expected lower 

maintenance costs and susceptibility to failure. 

In the 15 years since its implementation the rock lining has provided protection to the terrace and prevented 

lateral erosion along its length. However, significant erosion of the terrace beyond the downstream end ofthe 

protection has continued to a point where a reassessment of the situation is required. 

RDR Management Ltd requested that as part of the investigation an assessment of the situation at Klondyke 

Bend be carried out and a recommendation be made for future action. It was intended that this investigation 

be used as supporting evidence for resource consents required to carry out any necessary work in the 

Klondyke Bend area. 

The analysis of erosion at Klondyke Bend is detailed in Chapter 6. 
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1.2. RDR COMPLEX 

1.2.1 Physical 

The RDR is a 67 km long combined irrigation and hydro-power canal which conveys up to 30.7 cumecs of 

water from the Rangitata River at Klondyke north-west across the Canterbury Plains to the Rakaia River at 

Highbank (Figure 1-3). A second intake on the South Ashburton River diverts up to 5 cumecs into the RDR 

when water is available. Three community irrigation schemes, two hydro-electric power stations, Ashburton 

District Council (ADC) stock water system, and various private stock water and irrigation systems are 

supplied by the RDR (MWD, 1987). 

The three community irrigation schemes supplied by the RDR, Mayfield-Hinds Irrigation Scheme (MHIS), 

Valetta Irrigation Scheme (VIS) and Ashburton-Lyndhurst Irrigation Scheme (ALIS), serve a total contract 

area of approximately 63,800 ha (Young & King, 1995). It has been conservatively estimated that irrigation 

from the RDR supplies $30.6 million to the region's economy annually. Economic benefits to the Ashburton 

District have been estimated (using a multiplier of 4.5) at $138 million per annum, representing $5,700 per 

head of population. 

Montalto power station has a generating capacity of 1.9 MW, is owned by Electricity Ashburton and sits 

astride the RDR 1.5 km downstream of the MHIS intake. The 25 MW Highbank power station is owned by 

Electricity Corporation of New Zealand (ECNZ) and is located at the Rakaia River end of the RDR (ECNZ, 

1994). Total average annual generation from both power stations is approximately 90 G Wh, representing 

approximately $4.5 million (Young & King, 1995). 

The RDR is on average 3 m deep, has a top width of 10m and an average slope of 20 mmIkm. The total 

water storage volume of the race is approximately 1.2 million cubic metres (Young & King, 1995). 

Structures of significance on the RDR include the Klondyke intake and weir, the sand trap, the North 

Ashburton intake, the eight major siphons under rivers and streams which cross the RDR including the 2.7 km 

long Surrey Hills siphon, and numerous other major flow control structures. A recent asset survey of the 

RDR complex estimated the total replacement value of RDR structures at $87 million (Young, pers. comm.). 

Structures of specific concern to this investigation include the RDR intake and weir, the sand trap and 

sections of the RDR canal within 4 km of the intake. 

The RDR intake at Klondyke consists of a concrete caisson structure which diverts water from the Rangitata 

River into the RDR canal. Concrete slide gates are able to close off the caisson intake ports and water flow is 

regulated by an automatic radial gate at the downstream end ofthe structure. An oblique rock weir across the 

Rangitata River immediately downstream of the RDR intake ensures adequate supply of water to the RDR 

during periods of low river flow. 
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The RDR sand trap is located approximately 2 km downstream of the RDR intake. This structure was 

constructed to alleviate sedimentation problems in the RDR caused by high sediment loads in the Rangitata 

River. Sediment trapped in this ponding area is periodically flushed back into the river via a manually 

controlled radial gate sluicing chute. 

1.2.2 History 

Research into the history of the RDR was performed to gain an understanding of construction methods and 

timing and to document any significant events which occurred that may be of relevance to the investigation. 

A general history of the RDR, along with the above information, is presented below. Drawing no. 10 

illustrates a time-line of events for the RDR. 

Irrigation of the Canterbury Plains was suggested as early as the 1880's, however it wasn't until the 1930's 

that the effects of the depression made such a large-scale development feasible (Kerr-North, 1984). The 

Public Works Department (PWD) began meteorological investigations and ground surveys on the plains in 

1933 (Kerr-North, 1984). Hydrologic investigations for possible irrigation development from the Rangitata 

River began in 1934 and resulted in the installation of a water level recorder and cableway at Klondyke in 

1936 (Walsh, 1975). 

Construction of the RDR by the PWD began on 2nd April, 1937 (McCausland, 1986). It seems that 

construction began at the intake end of the RDR (Beck, 1937; Kerr-North, 1984). However it seems likely, 

and is inferred from other references, that construction took place at several locations along the race at once. 

Most of the construction works were carried out during World War II (1939-1945) (MWD, 1987). 

Construction of the RDR was a major undertaking which was carried out 24 hours per day and involved the 

excavation and placing of huge amounts of material. "In the area approaching the intake the engineers 

struck their 'heaviest mile '. More than 450,000 cubic yard/ of soil had to be shifted by dragline and 

bulldozer" (McCausland, 1986). 

The need for a weir in the river opposite the RDR intake was recognised at least as early as July 1938 when a 

proposal for a weir constructed of 200 7 ton3 concrete tetrahedra was to be the subject of a model study at 

Canterbury University (MWD, 1941). 

2 344,000 m3
• 

3 6.4 tonne. 
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Large floods seriously delayed construction work at the RDR intake (McCausland, 1986). From historical 

flow records these floods appear to have been in 1940 and 1942 each of which peaked at approximately 2,490 

cumecs (Scarf & deJoux, 1980). 

Construction of the Highbank power station began in 1939 and it was first used to generate electricity in 

November 1944. The RDR and Highbank power station were officially opened on 8 June 1945. The 

estimated total cost of the scheme at that time was approximately two million pounds (McCausland, 1986). 

The first admission of water to the RDR occurred in July 1944 and then took place intermittently until April 

1946 (MWD, 1949). 

The only significant additions to the RDR since the 1940's have been the intake sand trap and Montalto 

power station. The RDR sand trap was installed during 1978 and 1979 to provide a more permanent solution 

to sedimentation in the RDR (MWD, 1987). Construction of Montalto power station began in January 1981, 

and it generated electricity for the first time in June 1982 (MWD, 1987). 

Ownership of the RDR complex was transferred from the crown to RDR Management Ltd on 1 October 1990 

(Young & King, 1995). 

The race is now 50 years old and centenary celebrations were held by RDR Management Ltd on 18 

November 1995. 

1.2.3 Operation & Management 

Operation and management of the RDR system is of interest to the investigation in terms of gaining a general 

appreciation of the system dynamics and in order to identify potential impacts on the Rangitata River and thus 

on the RDR itself. 

1.2.3.1 Water Abstraction & Use 

Use of RDR water by the irrigation schemes is given priority during the period 151 September to 30lh April 

each year (MWD, 1987). During this time any excess water is pounded in the lower portion of the RDR until 

sufficient volume is available for a generation run at Highbank power station. During the remaining four 

months of the year water priority is given to electricity generation and Highbank power station runs 

continuously at full capacity. However, some flexibility of this system is available so that maximum use can 

be made of the water. 

During periods of low flow in the Rangitata and South Ashburton rivers abstraction of water for distribution 

by the RDR is limited. The Rangitata River Water Management Plan (Scarf & Waugh, 1986) sets out water 
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abstraction restrictions for the RDR and other irrigation and stock water users. Abstractions as they apply to 

the RDR are shown in Table 1-1. The abstraction restrictions are designed to retain a minimum flow of 20 

cumecs in the river during the period 151 September to 31 51 May to retain the recreational fishery. For the 

winter period, 151 June to 31 51 August, abstraction restrictions are designed to retain a minimum flow of 15 

cumecs in the river. Water abstraction consents are due for review under the Resource Management Act 

(RMA) in 1996 (Young, pers. comm.). 

TABLE 1-1: RDR water abstraction restrictions (Scarf & Waugh, 1986). 

1st September to 3 I 51 May 1 ,I June to 31 'I August 

Flow at Klondyke RDR Abstraction Flow at Klondyke RDR Abstraction 

[m3s- l
] [m3s- l

] [m3s- l ] [m3s- l ] 

>60 30.7 >60.0 30.7 

60.0 - 50.1 26.2 60.0 - 50.1 26.5 

50.0 - 43.1 21.8 50.0 - 40.1 21.5 

43.0 - 40.1 18.9 40.0 - 38.1 22.0 

40.0 - 38.1 16.9 38.0 - 36.1 20.0 

38.0 - 36.1 14.9 36.0 - 34.1 18.0 

36.0 - 34.1 12.9 34.0 - 32.1 16.0 

34.0 - 32.1 10.9 32.0 - 30.1 14.0 

1.2.3.2 Sand Trap Operation 

Flushing of the RDR sand trap is permitted at any time at river flows in excess of 140 cumecs. During the 

period 151 May to 31 51 August flushing of the sand trap at river flows less than 140 cumecs is prohibited. 

However, during the remainder of the year, 151 September to 30th April, flushing is permitted at river flows 

greater than 60 cumecs but only on Wednesdays at 1:30 pm (Young, pers. comm.). These restrictions are 

imposed to ensure minimal impact on the river environment and minimise inconvenience to other river users 

(especially anglers) (Waugh, 1983). The sand trap is flushed regularly; usually weekly depending on the 

imposed restrictions. This is done to maximise sand trap operating efficiency, reduce problems involved in 

removing sediment from the trap which becomes compacted after long periods, and to reduce the impact on 

the river from each flushing event (Stevens,pers. comm.; Waugh, 1983). 

1.2.3.3 Maintenance 

The entire RDR complex undergoes a triennial shutdown to enable the inspection and maintenance of the race 

and associated structures. The most recent shutdown occurred during June 1996. 

RDR Management Ltd employs one full-time raceman to control operation of the RDR and carry out regular 

maintenance work. 
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1.2.3.4 Management 

RDR Management Ltd controls operation of the RDR and represents those parties with an invested interest. 

The parties, their interest and share-holding are listed in Table 1-2. 

TABLE 1-2: RDR share-holding. 

Party 

Electricity Corporation New Zealand (ECNZ) 

Mayfield-Hinds Irrigation Society (MHIS) 

Valetta Irrigation Co-operative Society (VIS) 

Ashburton-Lyndhurst Irrigation Society (ALIS) 

Electricity Ashburton 

Ashburton District Council (ADC) 

Interest 

25 MW Highbank power station 

31,988 ha irrigation contract area 

7,265 ha irrigation contract area 

24,589 ha irrigation contract area 

1.9 MW Montalto power station 

potential 1.5 cumec water supply 

Share-holding 

3/8 (37.5%) 

1/8 (12.5%) 

1/8 (12.5%) 

1/8 (12.5%) 

1/8 (12.5%) 

1/8 (12.5%) 

Mr John Young is the present manager of RDR Management Ltd and is responsible to a board of directors 

made up of representatives of the above shareholders. 

The RDR complex represents a remarkable community and national asset. The present management of the 

RDR is committed to developing and enhancing the RDR complex to the benefit of both share-holders and 

the community as a whole. 

This investigation has been performed in recognition of the importance of the RDR and the need for 

appropriate information to effectively manage and maintain it. Information gained from this investigation is 

to be used by RDR Management Ltd for that purpose. 
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FIGURE 1-2: Klondyke reach of Rangitata River (SN 5204 D/ l. 15 Feb 1978). 



Rongitoto River 

FIGURE 1-3: RDR complex, 

1-11 

CANTERBURY PL~NS 

Rakoio River 

CANTERBURY BIGHT 

SCALE (1:600,000) 

~t~-=~~~~5 ..... ~10~~~1~5 .. ~20 km 



CHAPTER 2 

Physical Environment 

CONTENTS 

2.1. INTRODUCTION ................................................................................................................................... 2-1 

2.1.1 Overview ........................................................................................................................................... 2-1 

2.1.2 Rangitata River .................................................................................................................................. 2-1 

2.2. FIELD DAT A .......................................................................................................................................... 2-2 

2.2.1 Engineering Survey ........................................................................................................................... 2-2 

2.2.2 Historical Surveys .............................................................................................................................. 2-4 

2.2.3 Sediment Sampling ............................................................................................................................ 2-6 

2.2.4 Vertical Aerial Photography .............. , ............................................................................................... 2-9 

2.2.5 Other Media .................... : ............. , ..................................................................................................... 2-9 

"2.3. FLUVIAL GEOMORPHOLOGy ......................................................................................................... 2-11 

2.3.1 Literature Review ............................................................................................................................ 2-11 

2.3.2 Geological Setting ........................................................................................................................... 2-23 

2.3.3 Glacial Sequences and Terrace formation ....................................................................................... 2-23 

2.3.4 Recent Climatic and Glacial Activity .............................................................................................. 2-31 

2.3.5 Longitudinal Profile ......................................................................................................................... 2-32 

2.3.6 Erosion / Deposition ........................................................................................................................ 2-33 

2.3.7 Sediment Characteristics ................................................................................................................. 2-36 

2.3.8 Planform Channel Patterns .............................................................................................................. 2-37 

2.3.9 Conclusions ..................................................................................................................................... 2-39 

2.4. RDR ABSTRACTION & RIVER BED AGGRADATION .................................................................. 2-40 

2.4.1 Introduction ..................................................................................................................................... 2-40 

2.4.2 Bedload Transport Capacity Equations ........................................................................................... 2-40 

2.4.3 Application to the Rangitata River .................................................................................................. 2-44 

2.4.4 Sediment Transport Analysis ........................................................................................................... 2-46 

2.4.5 Validation Data ................................................................................................................................ 2-48 

2.4.6 Results ............................................................................................................................................. 2-49 

2.4.7 Discussion ........................................................................................................................................ 2-50 

2.4.8 Further Analysis ............................................................................................................................... 2-53 

2.4.9 Conclusions ..................................................................................................................................... 2-54 

2.5. RECENT CHANNEL MORPHOLOGY AT INTAKE BEND ............................................................. 2-55 

2.5.1 General ............................................................................................................................................ 2-55 



2.5.2 Historical Surveys ............................................................................................................................ 2-55 

2.5.3 Historical Photographs .................................................................................................................... 2-57 

2.5.4 Aerial Photography .......................................................................................................................... 2-59 

2.5.5 General Historic Morphology .......................................................................................................... 2-59 

FIGURES 

FIGURE 2-1: Rangitata River. ..................................................................................................................... 2-61 

FIGURE 2-2: Contour map of the Klondyke reach of the Rangitata River .................................................. 2-62 

FIGURE 2-3: GPS equipment set-up over RDR intake radial gate wing-wall benchmark ........................... 2-63 

FIGURE 2-4: Jetboat and gauging equipment used for cross-sectional survey work ................................... 2-63 

FIGURE 2-5: Survey plan of Klondyke Bend erosion as at 25 June 1981 (Based on MWD data) .............. 2-64 

FIGURE 2-6: Selection of basal area sediment along true left bank of Intake Bend .................................... 2-65 

FIGURE 2-7: Frequency-by-weight grain-size distributions from RDR & Intake Bend .............................. 2-66 

FIGURE 2-9: Water table of the Canterbury Plains (Wilson, 1973) ............................................................ 2-67 

FIGURE 2-10: Geological map of the Mid-Canterbury Plains (Mabin, 1980) ............................................. 2-68 

FIGURE 2-11: Terrace sequences in the Klondyke reach of the Rangitata River. ....................................... 2-69 

FIGURE 2-12: Aerial photograph of Klondyke terrace area from gorge to Mt Pee!.. .................................. 2-70 

FIGURE 2-13: Tentative classification of channel patterns of gravel-bed rivers (Carson, 1984a) .............. 2-71 

FIGURE 2-14: Topography, grain-size and bed-flow directions in over-widened bends (Carson, 1986) .... 2-72 

FIGURE 2-15: Geomorphology of the area near the head of the Rangitata Gorge (Mabin, 1987) ............... 2-73 

FIGURE 2-16: Rangitata River grain-size reduction (Browne & Leckie, 1995) .......................................... 2-73 

FIGURE 2-17: Panoramic photograph mosaic of Intake Bend area on 19 March 1995 ............................... 2-74 

FIGURE 2-18: Simplified interpretation of Intake Bend geology ................................................................ 2-75 

FIGURE 2-19: Long sections of the Rangitata River. .................................................................................. 2-76 

FIGURE 2-20: Long section of the Plains reach of the Rangitata River ...................................................... 2-77 

FIGURE 2-21: Aerial photographs of Rangitata River from upstream of gorge to Peel Forest. .................. 2-78 

FIGURE 2-22: Simplified schematic of plan-form and channel processes in upper Plains reach ................ 2-79 

FIGURE 2-23: Calculated and approximated Rangitata River flow duration curves ................................... 2-80 

FIGURE 2-24: Comparison of results of sediment transport capacity equations ......................................... 2-81 

FIGURE 2-25: RDR intake site looking upstream prior to construction (c. 1940) (Speight, 1941) ............. 2-82 

FIGURE 2-26: Flooding of RDR coffer-dam on 29 February 1940,2,490 cumecs ..................................... 2-83 

FIGURE 2-27: RDR intake construction site c. 1940 ................................................................................... 2-84 



FIGURE 2-28: RDR construction at downstream end ofIntake Bend c. 1940 ............................................ 2-85 

FIGURE 2-29: RDR intake site at 27 September 1951. ............................................................................... 2-86 

FIGURE 2-30: Oblique aerial photograph ofRDR intake site c. 1951. ....................................................... 2-87 

FIGURE 2-31: RDR intake site at 5 May 1954 ............................................................................................ 2-88 

FIGURE 2-32: RDR intake site at 2 May 1962 ............................................................................................ 2-89 

FIGURE 2-33: Aerial photograph mosaic ofIntake Bend (SN 1446, 17 March 1962) ............................... 2-90 

FIGURE 2-34: Aerial photograph mosaic ofIntake Bend (DNRE 3, 25 March 1996) ................................ 2-91 

TABLES 

TABLE 2-1: Coastal erosion in the vicinity of the Rangitata River mouth .................................................. 2-29 

TABLE 2-2: Data for sediment transport analysis ........................................................................................ 2-45 

TABLE 2-3: Bedload transport capacity comparison ................................................................................... 2-48 



2-1 

2.1. INTRODUCTION 

2.1.1 Overview 

This chapter describes the general physical characteristics and processes occurring in the Rangitata River, 

particularly within the Klondyke reach. Initially, the collection and analysis of field data used in this 

investigation is described. A review of literature detailing the physical characteristics and processes 

occurring in the Rangitata River is then presented. Based on previous literature and analysis of collected data 

the characteristics of the Rangitata River and specifically the Klondyke reach are described. An analysis of 

sediment transport through the Intake Bend reach is then used to assess the morphologic stability of the reach 

and the effect of RDR abstraction on river bed aggradation and bank erosion. Analysis of ongoing 

morphologic change in the Klondyke reach is undertaken by comparison of recent and historic aerial 

photographs. Finally, analysis of historic aerial and terrestrial photographs and surveys of the Intake Bend 

reach is undertaken in order to establish the existence and extent of erosion of the true left river bank / RDR 

embankment. 

2.1.2 Rangitata River 

The Rangitata River is located in mid-Canterbury on the east coast of the South Island, New Zealand. It is the 

third largest river (in terms of mean annual discharge) of the Canterbury region (Mosley, 1992). The river 

has a catchment area of approximately 1,600 km2 and has its source in three main tributaries rising in the 

Southern Alps; the Lawrence, Clyde and Havelock Rivers (Figure 2-1). Each river is of approximately the 

same size and each is headed by a small alpine glacier at around 1,600 m amsl. 

The Rangitata is joined by many small streams and creeks and displays a well developed braided pattern as it 

flows across the wide alluvial valley of its upper reaches. Within this reach it is joined by three significant 

tributaries, the Potts River from the north, and Bush Stream and Forest Creek from the south (Figure 2-1). 

Near the upstream end of the Rangitata Gorge the river is joined by Pudding Valley Creek from the north and 

by Coal Creek from the south. The deeply incised rock gorge is approximately 4.5 km in length, over which 

the river falls approximately 40 m. 

Downstream of the gorge the Rangitata flows across the Canterbury Plains where it is joined by numerous 

small tributaries from the foothills to the west. In the reach between the gorge and Peel Forest the significant 

tributaries are Boundary Stream (at the exit of the gorge), Raules Gulley Stream, Middle Stream, Chapmans 

Creek and Lynn Stream Gust south of Mount Peel) (Figure 2-1 & Figure 2-2). 

The river shows a well developed meandering pattern downstream of the gorge until the confluence of Lynn 

Stream where it abruptly develops a "braided" pattern. This "braided" pattern is maintained to the coast 

where the river discharges into the Pacific Ocean via the Canterbury Bight. 
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2.2. FIELD DATA 

2.2.1 Engineering Survey 

2.2.1.1 General 

Cross-sectional and topographical surveys of the Intake Bend and Klondyke Bend reaches were perfonned by 

the author during 1995. The surveys were undertaken using a SET4 electronic theodolite (EDM) and 

electronic field-book. Linking of the two surveys was undertaken by Trimble Navigation Ltd using GPS 

equipment (Martin, 1995). Processing of survey data was carried out using SDRMap surveying software. 

Final presentation was performed using AutoCAD, the results of which are shown in Drawings no. 1-8. 

Drawings produced from the survey included an overall survey plan, a survey plan, cross-section drawings 

and a long profile of both Intake Bend and Klondyke Bend, and a plan of the RDR intake area showing 

contours of the intake weir. 

Drawing no. 1 illustrates the extent of the survey undertaken. A local co-ordinate system was based on the 

brass benchmark pin on the true left concrete wing~wall of the RDR intake radial gate structure (Figure 2-3). 

The reduced level of this benchmark is RL 365.101 m and an arbitrary survey grid origin of 10,000.00 mN, 

10,000.00 mE was adopted at this point. Survey set-up locations were generally marked with 50 x 50 mm 

wooden pegs' and were numbered consecutively as detailed in Drawings no. 1-8. 

Cross-sections were numbered consecutively throughout the survey starting at the upstream section of Intake 

Bend. Cross-section chainages were specified as increasing downstream starting from 0.000 km at cross

section no. I. While this is not the usual practice observed in hydrographic surveying2 no standardised cross

section chainage data for the Rangitata River was available. The method adopted was, however, consistent. 

with the requirements of the MIKE II numerical model. 

Cross-sections were spaced so as to describe the significant features of the river. For example cross-sections 

were located at the crest and immediately downstream of riffles and at locations where the river narrowed or 

widened significantly. Cross-sectional data from survey results have been specified to 1 cm accuracy. River 

chainage is specified to I m accuracy. 

Apart from general topographical data, water edge measurements were made during the survey in order to 

establish water surface profiles through the Intake Bend and Klondyke Bend reaches. 

I Locations 1. 2 & 2' were denoted by terrier bolts set in the RDR intake structure during a previous survey. 

2 River cross-sections are usually specified by a chainage which increases upstream from 0.000 km at the river mouth. 
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2.2.1.2 Intake Bend Survey 

Survey of the Intake Bend area was undertaken in order to gather sufficient infonnation for construction of 

physical and numerical models of the reach and also in order to establish suitable baseline data for erosion 

monitoring purposes. 

An initial topographical survey of the area surrounding the RDR intake structure was carried out between 19-

21 March 1995. Survey of the intake weir and cross-sections below the weir were performed largely over the 

period 25-29 June. Cross-section locations were marked on the true left bank with 50x50 mm wooden pegs 

and were waded approximately at right angles to the river channel axis. Cross-sectional survey of the river 

bed above the intake weir was performed on 3 August 1995 using a jetboat and river gauging equipment. 

Survey data for the Intake Bend reach are illustrated in Drawings no. 2-5. 

Cross-section no. 5 was placed so as to enable comparison with bed levels surveyed on 29 April 1987 

(Drawing no. 3) (Stoker, 1988). 

A topographical survey of the intake weir was undertaken on 28 June 1995 to provide baseline data for the 
. -

present geometry of the weir and to aid in possible later reinstatement (Drawing no. 5). Cross-sections (no. 6 

& 7) parallel to the weir axis were later generated from these data. 

Four sets of staggered staff-gauges were erected along the Intake Bend reach to record flood levels to assist in 

calibration of the numerical model and validation of the physical model. These were placed at locations A to 
'--

D shown on Drawings no. 2-4. In addition, flood levels were marked on the falling limb of the 13 December 

1995 flood at additional locations, denoted A- and B-. Installation of staff-gau,ges and levelling of flood 

marks was undertaken by staff of RDR Management Ltd. A detailed description of the installation of these 

staff-gauges and recording of flood levels is given in Chapter 4. 

2.2.1.3 Klondyke Bend Survey 

A cross-sectional and topographical survey of the Klondyke Bend area was undertaken to establish the extent 

of erosion and to enable comparison of erosion mitigation measures using a numerical and/or physical model. 

Survey of the reach was carried out over the period 22-24 March 1995. Cross-sectional survey was 

undertaken using a 'combination of wading and jetboat sounding with river gauging equipment (Figure 2-4). 

Survey set-up pegs and cross-sections were numbered consecutively as a continuation of the Intake Bend 

survey. Similarly, cross-section chainage was continued downstream by estimating river distance between the 

two survey reaches. 
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Cross-section locations and survey set-up points were marked, like at Intake Bend, with 50x50 mm wooden 

pegs. Unlike at Intake Bend these pegs were staggered across both sides of the river because of restricted 

access imposed by the high river terrace along a portion of the true left bank. 

The Klondyke Bend survey was initially undertaken using an arbitrary origin at peg no. 12 of 10,000.00 mN, 

10,000.00 mE, RL 100.00 m. The co-ordinates of pegs in this co-ordinate system are quoted on Drawing no. 

6. Survey data for the Klondyke Bend reach are illustrated in Drawings no. 6-8. 

2.2.1.4 Linking of Surveys 

In order to tie the two surveys together a GPS survey was undertaken by Mr Glenn Martin of Trimble 

Navigation NZ Ltd as a field trial for their new real-time kinematic survey equipment. In brief, this involved 

locating the co-ordinates of several pegs in both surveys so that the co-ordinates of the Klondyke Bend survey 

could be adjusted to the same system used at Intake Bend based on relative peg positions generated by the 

GPS equipment. 

The co-ordinates of a known level (RL 362.700 m) on the concrete head-wall of the RDR sand trap radial 

gate structure (point no. 10, Drawing no. I) were also taken to reduce the error of extrapolating levels from 

the Intake Bend survey to Klondyke Bend based on the theoretical geodetic surface used by the GPS software 

(Martin, pers. comm.). The resulting adjusted co-ordinates of the three pegs located in the Klondyke Bend 

survey are detailed on Drawing no. 6. 

During the GPS survey some data was collected in the section between Intake Bend and Klondyke Bend. 

Road centre-line data was collected along a portion of Klondyke Terrace Road. A level was also taken on a 

levelling benchmark (the base of a waratah set in concrete) at the RDR canal stage recorder station (point no. 

II, Drawing no. I). 

Although plan co-ordinates of the GPS survey appear to be correct there is a significant discrepancy between 

relative levels of pegs measured using the EDM and those generated from the GPS survey. It is considered 

that this is a result of an error in the post processing of the GPS data, and thus the EDM results should be 

given preference. If at a later stage accurate survey data at Klondyke Bend are required in the Intake Bend 

co-ordinate system it is suggested that a closed traverse between the two surveys be undertaken using an 

EDM. 

2.2.2 Historical Surveys 

A certain amount of historical survey information, in the form of both survey data and survey plans, relating 

to works in the Klondyke reach of the Rangitata River was compiled during the investigation. The details of 

the compiled survey information are listed in the media schedule of Appendix V, and have also been plotted 
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on the "Environmental Data Time-line" of Drawing no. 10. A general description of these and other surveys 

are given here. 

The earliest survey plans available were completed in 1936/37 and cover the entire Intake Bend area. In 1941 

a survey of the entire course of the RDR was initiated, with the area between the RDR intake and Klondyke 

Bend being surveyed between March and September of 1941. 

The 1936 and 1941 surveys of the Intake Bend area are shown overlaid on the 1995 survey in Drawing no. 

13. To a certain extent these surveys had to be fitted by eye, based on the location of the irrigation 

investigation benchmark on the RDR intake .. 

The 1936 survey was limited in extent, being essentially a simple traverse of the proposed course of the RDR. 

The area along the traverse line adjacent to the left river bank appears to be accurate. However, the extents of 

the larger more distal features appear to have been merely sketched in. 

The 1941 survey was far more comprehensive, with extensive spot heights taken for some distance either side 

of the RDR along its course. At Intake Bend both sides of the river were surveyed, including the top of the 

high terrace on the left bank. 

The 1941 survey also included the edge of the left river bank along a portion of Klondyke Bend (Drawing no. 

9). This survey also had to be fitted by eye, this time using details of the diversion race embankment and 

terrace features. 

In 1943 several engineering plans detailing construction of the intake section of the race, in particular 

construction of the revetment work at the head of the RDR embankment, were produced. A plan surveyed on 

2 August 1945 details river bed topography opposite the RDR intake with the intake gates full open. A 

further survey plan shows the RDR intake site at May 1965. 

Several surveys associated with the construction of erosion protection works at Klondyke Bend were carried 

out by MWD staff during 1980-81. A survey of two sites of the Rangitata River bed in the vicinity of 

Klondyke Bend was undertaken on 5 August 1980. This survey was used to assess the two options being 

considered for protection of the river bank at Klondyke Bend. A cross-sectional survey of the completed 

Klondyke Bend rock rip-rap revetment was undertaken on 26 May 1981. A survey of the extent of erosion at 

Klondyke Bend was undertaken on 25 June 1981. Based on the MWD data a survey plan was produced by 

the author and is presented in Figure 2-5. This survey has also been overlaid on Drawings no. 6 & 9 to 

provide a comparison with erosion extents at other times. Because the pegs of this survey could not be 

located the survey had to be fitted by eye to the other plans, however the writer has confidence that this was 

achieved with reasonable accuracy. 
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On 29 April 1987 cross-sectional surveys of the river bed opposite the RDR intake were undertaken by MWD 

staff to assess bed aggradation. The equivalent section from this survey has been overlaid on cross-section 

no. 5 of the 1995 survey to show the difference in bed levels between the two (Drawing no. 3). 

2.2.3 Sediment Sampling 

Sampling of sediment along the Intake Bend reach was carried out to obtain representative grain-size data for 

use in design and construction of a physical model, as input to sediment transport capacity equations and to 

quantifY the distribution of sediment size at various locations within the reach. 

The size of sediment within the Intake Bend reach shows significant spatial variation. Upstream of the intake 

weir the bed sediment is fine-grained (dso "" 6.5 mm) however, downstream of the weir bed sediment is very 

large, with some boulders approaching 2 m in diameter (Figure 2-6). 

Two different methods of bed material sampling were used in the investigation. Where grain-size was small 

bulk samples were taken and subjected to sieve analysis to render a frequency-by-weight distribution. Sieve 

analysis of a bulk sample is described as a volume-by-weight method (Church et ai, 1987). Bulk sampling 

allows accurate determination of the full grain-size distribution but is limited by the need to sample and 

analyse a sufficient volume of sediment in order to ensure accurate determination of grain-size parameters. 

Mosley & Tindale (1985) from investigations on the Ashley River, North Canterbury, state that accurate 

determination of graphic mean grain-size' at a site requires a sample in which the weight of the largest stone 

is less than 5% of the total sample weight. For sediment of a large size the required sample mass for accurate 

analysis precludes the use of volume-by-weight techniques on the grounds of time limitations, logistics and 

cost. 

Surface sampling was the second technique employed in the investigation and was used where the size of 

sediment precluded the use of bulk sampling. The technique used was based on the Wolman (1954) method 

where grains were selected at random along a pre-selected transect and tallied to give a frequency-by-number 

distribution. This type of sediment sampling is described as a grid-by-number method (Church et ai, 1987). 

Grid-by-number sampling has an advantage over volume-by-weight sampling in that the sampling and 

analysis procedure is relatively fast and inexpensive. However, the method is limited to sampling the surface 

layer which may be significantly different from the bulk material below due to armouring processes. 

Sampling is also limited to the upper end of the distribution as grain-sizes much smaller than 8 mm are 

difficult to measure by this method. Another complication arising from surface sampling (grid-by-number) is 

that the analysis produces a frequency-by-number distribution rather than the traditional frequency-by-weight 

distribution produced by sieve analysis (volume-by-weight). A bias in grid-by-number (compared to volume

by-weight) sampling results from a greater chance of selecting larger grain-sizes because of their greater 

3 Graphic mean grain-size is defined as D = (d84+dso+dI6)/3 where dx is the grain diameter in ¢ units (¢ = -log2 d) at 

which x% by weight is finer. 
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surface area. Leopold (1970) provided a method of correcting the grid-by-number distribution (after 

conversion to grid-by-weight using a field measured relation between mean particle weight and size class) 

based on the square of the mean of each size class (ie. proportional to the projected area of the grain). 

However, an equivalent (or very similar) distribution conversion can be made by assuming that the grain 

weight is proportional to the third power of grain b-axis length (ie. a spherical mass of diameter equal to the 

b-axis length) thereby eliminating the need for establishing a field relation between mean clast size and mean 

particle weight. Therefore the conversion can be made by simply multiplying the count of each size class by 

the mean4 of its class interval. 

Bulk samples were taken from two locations, the first immediately upstream of the intake weir and the second 

from a windrow of sediment excavated from the RDR canal immediately downstream of the intake radial 

gate. This sampling was undertaken on 3 August 1995. Samples were transported back to the laboratory 

where they were oven-dried and subjected to sieve analysis. Sieve sizes ranging from 1.0 mm to 31.5 mm 

(0.5 ¢ size classes) were used for the finer sediment. For the coarser sediment wooden templates ranging in 

size from 45.3 to 256 mm were used. The size of each analysed sample conformed to the 5% criterion of 

Mosley & Tindale (1985). 

Frequency-by-weight and cumulative frequency-by-weight distributions resulting from the sieve analysis are 

shown in Figure 2-7 and Appendix IV. The grain-size distributions at the two sampling locations are very 

similar with both having median grain-sizes of d50 '" 6.5 mm. The RDR sediment analysed by Stoker (1988) 

differs significantly from that measured during the investigation. The sediment of Stoker (1988) contains a 

greater proportion of material in the 0.3-1.0 mm and 4.0-40 mm size ranges, while retaining a similar grain

size distribution shape. This may indicate higher discharges being prevalent in the river and therefore 

transport of larger sediment prior to Stoker's sampling. However, it was noted in the field that the size of 

material in windrows of sediment excavated from the RDR canal decreased markedly in a down-channel 

direction. This undoubtedly results from preferential deposition of larger material near the upstream end of . 

the canal because its lower transportability. Thus, it is possible that Stoker's sample was taken further up

channel than the present sample. However, this does not seem to correlate with the fact that the samples taken 

above the weir and within the race are essentially the same. It is possible however that the sample taken 

above the weir was in a location at which the sediment had had its coarser portion deposited slightly further 

upstream. Exact details aside, it is clear that sediment deposited above the weir is essentially equivalent to 

that deposited within the RDR canal. 

Sediment sampling by the Wolman (1954) method was performed on 22 November 1995 along the true left 

river bank basal area between cross-sections no. 12-18. Sediment between cross-sections no. 11-12 was not 

analysed because of the presence of fine material derived from windrows of sediment excavated from the 

RDR canal. Samples were taken along oblique transect lines extending from water edge to the base of the 

vertical river bank. The lateral and longitudinal extent of the sampling area was approximately 20 m and 485 

m respectively. Clasts were randomly selected and tabulated into 0.5 ¢ size-classes based on b-axis diameter. 

4 Where the mean is taken in ¢ units. 
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506 clasts were sampled and ranged in size from greater than 11.3 mm (-3.5 rfJ) to less than 2.048 m (-11.0 rfJ). 

The modified Leopold (1970) adjustment described above was applied to the field data to provide a 

distribution compatible with sieve analysis. This was done so that accurate specification of physical model 

bed sediment could be made and later compared with the prototype distribution using sieve analysis. 

To account for the fact that small sizes of sediment were unable to be measured using the grid-by-number 

technique the grain-size distribution obtained from the river bed above the weir was combined with the basal 

area surface-sampled distribution. This was done by scaling the retained mass of the sieve derived 

distribution to the equivalent of the modified surface-sampled distribution using the 22.6 mm (-4.5 rfJ) size 

class as a reference point. This size-class was chosen because of its location at mid-overlap of the two 

distributions and because it was considered to be accurately sampled by both methods. As can be seen from 

Figure 2-7 this adjustment made little difference to the original data especiaIIy in terms of defining a 

theoretical distribution for the physical model. 

Figure 2-7 iIIustrates that the modified surface sediment distribution has the following grain-size parameters: 

dID '" 130 mm, dso '" 500 mm and dgo '" 1.2 m. Hydrology Annuals quote the median bed material size as dso = 

152 mm (SCRCC, 1969). Carson (1984a) gives dso = 92 mm for the Klondyke reach of the Rangitata River 

based on transects across the channel (ignoring sand). Carson (1986) gives dso = 120 mm for the Klondyke 

reach for exposed bed at low stage. Browne & Leckie (1995) quote the mean longest axis of clasts measured 

along a transect of the river at the downstream end of the Klondyke reach as being (approximately) 320 mm. 

These various values of representative grain-size for the reach may be indicative of spatial sediment 

variability noted by Mosley & Tindale (1985). However, such variability is more than likely also related to 

the different methods of data collection used and also to the different parts of the reach at which they were 

collected. This variability is magnified by rapid down-channel grain-size reduction within the Klondyke 

reach of the Rangitata River whish is strikingly apparent from field observation and is quantified by Browne 

& Leckie (1995) as being the most rapid for rivers on the mid-Canterbury Plains. 

The prime objective of sediment sampling below the RDR intake weir was to provide a grain-size distribution 

representative of material controlJing the lateral bank erosion process. It is considered that sufficient extent 

of basal area was covered to take into account variations in sediment character, both at a cross-section from 

slope processes and within the reach from bar formations, to provide an appropriate sample. The accuracy of 

the field sampling technique is based on sampler bias and the size of the sample. Every effort was made to be 

consistent and unbiased during sampling and it is considered that the sample size taken was sufficiently large. 

Given the difficulty of measurement at the site and the degree of matching of the equivalent model 

distribution practically obtainable it is considered that the distribution obtained was sufficiently 

representative. 

Data relating to grain-size distributions along the Intake Bend reach can be found in Appendix IV. 
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2.2.4 Vertical Aerial Photography 

2.2.4.1 General 

A total of 15 vertical aerial photograph series covering various parts of the Klondyke reach and spanning 34 

years between 1962 and 1996 were available for analysis during the investigation. Details of all vertical 

aerial photographs uncovered during the investigation are given in the media schedule of Appendix V. A plot 

showing the timing and lineal extent of each vertical aerial photograph series is included in the 

"Environmental Data Time-line" of Drawing no. 10. 

2.2.4.2 Investigation 

Three sets of 35 mm colour vertical aerial photographs were flown during the investigation for the following 

purposes: 

I) To provide a comprehensive picture of the present state of the Klondyke reach of the river. 

2) To enable comparison of river patterns at various times of the year and with historical aerials. 

3) To determine river pattern change and 'erosion extent following the flood of 13 December 1995. 

The aerial photographs were flown on 8 June 1995, 13 November 1995 and 25 March 1996. All the aerial 

runs extend from the exit of the Rangitata Gorge (Intake Bend) to the confluence of Lynn Stream. The 

photographs were taken by Kelvin Nicolle of the Department of Natural Resources Engineering, Lincoln 

University. 

2.2.4.3 Historical 

Twelve historical vertical aerial photograph series covering varying extents of the Klondyke reach were 

collated during the investigation. These photographs span the years 1962 to 1994. References to two other 

photographic series were found but the actual photographs were not able to be located. One of these was 

apparently flown on 9 March 1985. However, the most important, from a historical point of view, is a series 

flown on 21 February 1939, which has apparently been misplaced. 

2.2.5 Other Media 

2.2.5.1 General 

Numerous contemporary and historical terrestrial and oblique aerial photographs and several videos were 

collected during the investigation. Details of these various media are given in the media schedule of 

Appendix V. 
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The timing and photographic location of the various media have been plotted on the "Environmental Data 

Time-line" of Drawing no. 10. The media have been classified as being either an oblique aerial photograph, 

terrestrial photograph or terrestrial video. 

2.2.5.2 Investigation 

Numerous photographs of all aspects of the investigation within the Klondyke reach were taken during the 

period 19 March 1995 to 27 December 1995. The photographs mainly detail the morphology of the reach, 

including sediment size and distribution, erosion sites and changing channel patterns. Photographs also 

document the flood of 13 December 1995 and field work undertaken during the investigation. 

Two videos were also taken during field visits. The first video was taken on 8 November 1995 and covers the 

Intake Bend reach, aspects of the GPS survey and flushing of the RDR sand-trap. The second video was 

taken on 13 December 1995 and details the flood occurring at that time. 

2.2.5.3 Historical 

Numerous historical photographs, including several oblique aerials, were uncovered during the investigation. 

These photographs were sourced from National Archives Christchurch, a personal collection of Erwin Seyb 

of Klondyke Station, Speight (1941), the University of Canterbury Geography Department, and from the files 

ofRDR Management Ltd. 

These photographs detail various aspects of RDR construction, morphology of the Klondyke reach, and 

historical flood events. The majority of these photographs are un-dated, making details of the chronology of 

events difficult. However, the photographs can be given broad relative dates, and provide invaluable 

information as to the state of the Klondyke reach at various times in the past. 

Other "historical" media collected include: 

I) A video of the flood of 8 November 1994, taken by Neill Stevens ofRDR Management Ltd. 

2) Photographs of the Intake Bend and Klondyke Bend areas taken by John Young, Manager, RDR 

Management Ltd. 
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2.3. FLUVIAL GEOMORPHOLOGY 

2.3.1 Literature Review 

Relevant literature referring specifically to the Rangitata River is reviewed below. The literature details 

various features of the past and present morphology of the Rangitata River and the inferred / proposed 

mechanisms effecting the morphology. These works have been reviewed in order to provide a better 

understanding of the various controlling processes at work in the Klondyke reach of the Rangitata River so 

that better informed predictions of future morphology (erosion) within the reach can be made. 

Many other, less specific, references have been used by the author in analysis of the morphology of the 

Rangitata River. The most significant of these references are Cotton (1958), Schumm (1977), Richards 

(1982) and Carson & Griffiths (1985). 

2.3.1.1 Speight (1941) 

In 1941 R. Speight had a paper published in Transactions of the Royal Society of New Zealand entitled "The 

Rangitata Glacier - Th~ Question of its Maximum Extension". The study was focused in the area surrounding 

the Klondyke reach of the Rangitata River and was topical at that time due to excavation work associated with 

construction of the RDR canal. 

This paper describes of some of the key physical features of the Klondyke reach of the river and gives 

explanations for their existence. The paper also provides some interesting miscellaneous historical 

information which is used later in this document. 

At the beginning of this paper Speight describes the general physical features of the upper Rangitata River 

noting specifically those physical features which indicate the presence and extent of glacial and tectonic 

activity. Speight proposes that the hill at the exit of the Rangitata Gorge on the east side of the river 

(adjoining Mt Pukanui) is a glacial moraine and offers this as proof that the Rangitata Glacier extended at 

I east th is far. 

Speight goes on to describe the features of the old high terrace on the west (true right) side of the river, the 

high main terrace on the east (true left) side of the river (not related to that on the west) and the second lower 

main terrace found on both sides of the river. 

Speight notes in particular the presence of an abundance of large boulders deposited on the surface of the 

upper and lower main terraces, quoting the size of one of these boulders moved during excavation of the RDR 

canal as being 2.7 m in diameter. Speight suggests that transport of these boulders by fluvial means on an 

unconfined alluvial surface was highly unlikely and that deposition by a receding glacier was a much more 
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plausible explanation. Speight supports this proposition with reports that large boulders on the river bed at 

the RDR intake site did not appear to move during the 2,490 cumec flood of 29 February 1940. 

Speight describes the discontinuity at the downstream intersection of the upper and lower main terraces on the 

east side of the river and notes that this feature is inconsistent with any observed fluvial mechanism, 

suggesting rather that it is glacier related. 

Further, Speight notes the presence of large boulder deposits at several locations in the area. Angular and 

sub-angular blocks up to 1.5 m in diameter appear in a collection on the west side of Surrey Hills. On the east 

bank of the lower main terrace opposite Lynn Stream a collection of boulders one measuring 2.1 m in length 

occurs. A similar collection is present on the west side of the river just downstream of Chapmans Creek, 

approximately 3.7 krn upstream of the aforementioned site. 

In summary, given the above evidence, Speight suggested the following sequence of events leading to the 

formation of the main Klondyke terraces. During a major glacial period the Rangitata Glacier emerged from 

the gorge and spread out across the Plains, reaching its maximum extension at the present location of the 

discontinuity in level between the upper and lower main terraces on the east side of the river, approximately 

9.7 km downstream of the exit of the gorge. Large angular boulders pushed to this location by the advancing 

ice were deposited and formed a more or less definite line indicating the extent of ice. As the Glacier receded 

back into the gorge during the onset of an interglacial period the rock line was back-filled and boulders 

carried by the Glacier were deposited on the surface. During the following interglacial period the river 

degraded to the level of the lower main terrace, destroying the moraine line immediately downstream of the 

gorge where it was exposed to the full force of the river, and possibly degrading to some extent the river fan 

on the downstream side. Speight proposes a subsequent re-advance of ice as being responsible for the 

presence of the moraine on the lower main terrace on the east side of the river at the exit of the gorge. 

Speight also suggests that the presence of large rock concentrations on the lower main terrace opposite Lynn 

Stream and just downstream of Chapmans Creek indicates the ice may have extended at least that far at a 

similar time. 

2.3.1.2 Wilson (1973) 

In 1973 D.D. Wilson ofNZ Geological Survey, DSIR Christchurch, had a paper published in the Journal of 

Hydrology (NZ) entitled "The significance of geology in some current water resource problems, Canterbury 

Plains, New Zealand'. This paper considers the interaction between groundwater and rivers of the 

Canterbury Plains. Data presented in this paper brings to light some mechanisms which may have significant 

influence on the morphology of the Rangitata River. 

Wilson mapped water-table contours for the Canterbury Plains using data from nearly 5,000 wells and found 

that, almost without exception, contours which cross the rivers in their upper Plains reaches are convex 

upstream while in their lower reaches the contours are convex downstream (Figure 2-8). This suggests that in 
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the upper reaches groundwater moves from the surrounding Plains into the river channels, while in the lower 

reaches seepage of water from the river channels to groundwater occurs. 

Wilson noted increased well yields with distance from the foothills of the upper Plains region and attributed 

this to increased permeability from increased hydraulic sorting in the gravels. Wilson also noted significantly 

higher yields from wells situated in recent alluvial deposits than from those draining older glacial deposits. 

Wilson also suggested that the reason for an almost logarithmic downstream increase in well yields on the 

Waimakariri River is due to the presence of buried ancient high transmissivity river channels which 

proliferate in a downstream direction. 

Wilson comments on apparent discharge losses from river channels on the Canterbury Plains and quotes 

examples on the Rakaia and Waimakariri rivers. For the Waimakariri River Wilson quotes that for discharges 

varying from approximately 30 to 60 cumecs losses varying between 18% and 29% occurred. 

Wilson describes two forms of river discharge loss. The first is "channel loss" where water is lost from the 

visible channel to the enclosing floodplain gravels. The second is "floodplain loss" where water is lost from 

sub-surface floodplain flow to underlying older gravels. 

Wilson states that the combination of evidence supports the view that influent seepage beyond each river's 

floodplain takes place mainly from lower reaches, where the course is over permeable post-glacial alluvium. 

The seepage recharges groundwater not only in postglacial aquifers but also in outwash aquifers in the lower 

Plains. Wilson also states that although routes of recharge are not precisely known, it is likely that ancient 

buried river channels, which must form a complex network at all depths in the thick aggradational deposits of 

the lower Plains, playa major part as "pipelines" for influent seepage. 

It is interesting to note that for the Rangitata River the water-table contours across its lower reach are only 

slightly corivex upstream (Figure 2-8). This may possibly be attributed to the narrowness of recent alluvial 

deposits in this area combined with a lack of data points within the Rangitata River alluvial deposit region. It 

is also possible that the Rangitata River is more entrenched in its lower reaches than the other rivers such that 

movement of water from the river to the floodplain is inhibited. However, a very interesting trend is a lack of 

up-plain curvature in water-table contours within regions covered by the Rangitata Diversion Race irrigation 

schemes (Figure 1-3). This would seem to suggest that there is significant groundwater recharge from these 

operations. The linearity of groundwater contours across the lower portion of the Rangitata River could thus 

be explained by recharge effects of the expansive Mayfield-Hinds Irrigation Scheme. 

2.3.1.3 Schumm (1979) 

In 1979 Professor S.A. Schumm of the Department of Geology, Colorado State University, Fort Collins had a 

paper published in Transactions of the Institution of British Geographers entitled "Geomorphic thresholds: 

the concept and its applications". This paper is largely a restatement of work published in his earlier book 
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(Schumm, 1977). This paper does, however, make several specific references to the Rangitata River, which 

Schumm apparently inspected on a visit to New Zealand. 

Schumm states that multiple unpaired terraces on the Rangitata River may have formed as a result of rapid but 

episodic incision. This episodic erosion and deposition represents a complex response of the river system in 

progressing to a new equilibrium state. Schumm's (1977, 1979) concept of geomorphic thresholds is integral 

to this explanation. 

Schumm suggests that the Rangitata River below the gorge is near the pattern threshold between a 

meandering and braided channel. Schumm proposes that the apparent abrupt change in pattern from 

meandering to braided several kilometres downstream of the gorge is caused by rapid acquisition of sediment 

load from the river's under-cutting of high Pleistocene outwash terraces. Schumm suggests that if the river 

could be isolated from these terraces it could be maintained in a more manageable meandering form. While 

on the surface these statements appear plausible there are several factors, discussed later in this chapter, 

which shed some doubt on their validity. 

2.3.1.4 Mabin (1980) 

In 1980 M.C.G. Mabin submitted a PhD thesis at the Department of Geography, Canterbury University 

entitled "The glacial sequences in the Rangitata and Ashburton valleys, South Island. New Zealand". This 

work involved determination of the approximate extent, timing and effects of glacial activity in the two 

catchments. 

Mabin defined five main Late Pleistocene and one early Holocene glacial advance in the Rangitata Valley and 

related these to terrace formations in the Plains region of the Rangitata River. Mabin distinguished the 

relationship between various terrace surfaces in the Plains region to evidence of outwash surfaces and 

moraine remnants up-valley by their elevation, lithology and weathering. Some of these surfaces were 

carbon-dated to distinguish their age differential. Those terraces which could not be confidently traced up

valley through the gorge were distinguished by comparison with those surfaces which could be. 

The main feature of Mabin's work which is of interest to this investigation is information pertaining to the 

terrace formations in the Plains reach of the Rangitata River. Mabin produced a series of geological maps 

covering an extensive area of the Rangitata and Ashburton rivers. These maps present broadly defined and 

dated geological surfaces which give a general picture of the evolution of the Klondyke reach of the Rangitata 

River. Mabin's diagram depicting geological surfaces of the Canterbury Plains is shown in Figure 2-9. A 

refinement of Mabin's work in the Klondyke reach is presented in Figure 2-10. 
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2.3.1. 5 Carson (1984a) 

In 1984 Professor M.A. Carson of the Department of Geography, McGill University, Montreal had a paper 

published in the New Zealand Geographer entitled "Observations on the Meandering-Braided River 

Transition, the CanterbulJ' Plains, New Zealand". 

This paper provides a comprehensive analysis of the factors controlling channel patterns in gravel-bed rivers 

of the Canterbury Plains. Of particular interest to the present investigation is Carson's assessment of channel 

form and processes in the Klondyke reach of the Rangitata River. 

Carson states that attempts to define why it is that some rivers meander while others braid, based on some 

threshold level of stream power or shear stress, are essentially empirical and offer no mechanistic 

understanding of the problem. Carson shows that these methods also have limited validity as they do not 

appear to work for gravel-bed rivers of the Canterbury Plains. The purpose of Carson's paper was to study 

the rivers of the Canterbury Plains in order to identify and analyse the factors which differentiate their channel 

patterns. 

Carson states th~t mUltiple flow dissection of the bed and adjacent floodplain appears to be the principal 

process in initiating the braided pattern of the Canterbury Plains rivers, not the selective deposition of coarse

grained sediment to form mid-channel bars. Carson states that a prerequisite for this set of processes seems to 

be local shoaling of the thalweg so that over-bar or over-bank flow is concentrated along distinct routes. 

Carson thus concludes that ongoing aggradation of the channel bed is particularly conducive to (though not a 

requirement for) braiding. 

Carson proposes that aggradation and braiding of the rivers on the Canterbury Plains is due to excessively 

high supply of bed-calibre material to the channel primarily derived from lateral migration of channels against 

tall gravel cliffs in the Plains region. Carson suggests that another factor assisting in aggradation is the 

downstream attenuation of flood hydrographs and the loss of discharge through influent seepage to the 

surrounding floodplain. 

Carson notes that many presently meandering rivers on the Canterbury Plains have, at previous times this 

century, been exposed to high return period floods that have rutted large parts of the floodplain, as well as 

producing rapid bend migration and concomitant dissection of wide point bars. The result has been a braided 

appearance that only slowly reverts to the single-thread mode as ruts heal with sediment accretion and 

vegetation regrowth. Carson suggests that the existence of such transient "braided" patterns, clearly formed 

by dissection of the channel floodplains, provides support for the view that such processes are at the root of 

longer-lived braiding on most Plains rivers. 

Carson categorised the reaches of the major rivers of the Plains according to the threefold zoning of Schumm 

(1977). For the Rangitata River Zone 1 ("supply") covers the headwater area which ends downstream at the 

rock gorge. Zone 2 ("transfer") extends downstream of the gorge through the entrenched reach where the 
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river has cut down through the vast Pleistocene outwash fans that fonn the Plains. Zone 3 ("deposition") is 

located further downstream, where incision is small, and represents the more recent alluvial fan environment, 

notwithstanding the effects of present coastline regression. 

Carson notes that immediately downstream of its gorge the Rangitata River displays a well-defined 

meandering pattern prior to abruptly braiding where joined by Lynn Stream on its right bank. Carson states 

that the maintenance of the meandering pattern in this reach (2:1) is due to the fact that the river is cutting 

down rapidly so that its floodplain is relatively narrow and sinuous. Any "braiding" is restricted to finger 

dissection of the raised channel bed at the thalweg cross-over (Figure 2-11 :A) or chute dissection of point 

bars (B) and floodplain spurs (C) where these are wide enough. As distance downstream of the gorge 

increases, large quantities of gravel are acquired from undercutting of the tall cliffs of outwash, shoaling of 

the channel occurs, and the floodplain merges with the lowest terraces, producing wider tracts of valley floor 

in the spur areas available for dissection by over-bank flows. Such chute flows tend to suppress the amplitude 

of meandering (and promote further "braiding" of meander spurs) via several mechanisms: by gravel 

deposition in the main channel, as capacity is decreased there because of loss of water down the chutes; by the 

decreased force on the outer bank from the main flow as it is "pushed aside" by water rejoining it from the 

chute; and by complete chute cut-offs. 

Carson states that ongoing incision of the near-gorge area is consistent with the possibility of drag-uplift of 

that part of the Plains abutting the foothill ranges, in contrast to the tectonic stability, or slow subsidence, of 

the rest ofthe Plains. However, outwash terraces dated by Mabin (1980) as Burnham age (c. 15,000 BP) are 

incised up to 50 m, indicating an average post-glacial incision rate of> 3 mm y(l, an order of magnitude 

higher than uplift rates in the foothills (Figure 2-10). Carson states that a more probable reason is a sudden 

increase in transport capacity associated with the abrupt increase in valley floor gradient, a legacy of the 

Pleistocene. This would be supplemented by particularly rapid attrition of incoming bed material in the 

narrow, rugged gorge. Carson states that the surface bed material of the Rangitata shows an abrupt contrast in 

median particle diameter upstream of the gorge (20 mm) and just downstream of it (100 mm). Carson 

suggests that it is also tempting to infer that the step in the long profile at the gorge may in fact act as a 

bottleneck on gravel movement from the headwaters. It seems that Carson was referring to the low slope of 

the river profile above the gorge resulting in deposition of sediment in that area, rather than any restriction in 

sediment transport through the gorge itself. 

Carson states that the present abrupt transfonnation to braiding at Lynn Stream has been associated, in 

historic times, with large quantities of gravel (dso = 20 mm) that have moved out of the Lynn watershed, 

resulting in aggradation at its mouth. Though the process was accentuated by intense local stonns in the mid

seventies inspection of aerial photographs suggests that a long-tenn supply of gravel from the Lynn has 

prevented the continuation of the meandering path of the Rangitata, apparently forcing a cut-off on its left 

side where the Rangitata now undercuts an extensive stretch of 50 m high outwash cliffs (dso = 25 mm). 

Carson states that the present onset of braiding in the Rangitata thus seems linked to the role of the Lynn 

Stream, but even without this localised tributary effect, acquisition of bed-calibre material from the tall 

outwash cliffs would ultimately have shoaled the channel sufficiently (with a finer gravel than the bed 
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upstream) to force breaching of lateral bars and rutting of the floodplain. In addition, the transport capacity 

of the Rangitata in the Plains reach may well decrease down-valley as flood hydrographs (from storms in the 

headwaters) attenuate assisted by transient or permanent loss of water into the gravel of the floodplain. 

Carson notes that Waugh (1982) reported such attenuation in a flood wave introduced to the river by flushing 

of the RDR sand trap. 

Carson notes the comments of Schumm (1979) regarding the Rangitata being near the pattern threshold, and 

hence the abrupt transition at Lynn Stream. However, Carson states that the Rangitata River, in both reaches, 

plots well above the Leopold-Wolman threshold line. 

Carson also notes that some of the lower terraces of the Rangitata upstream of Lynn Stream, show a braided 

pattern, indicating that, in the recent past, braiding began closer to the gorge (Figure 2-11 :D). 

Carson discusses the pattern of the Rangitata 2:11 reach 5 kIn downstream of Lynn Stream, noting both the 

large proportion of vegetated floodplain within the confines of the present channel banks, and the distinctly 

dissected appearance of these islands and of the "bars" themselves. Carson notes that the extensive vegetative 

cover is not the result of a long period of low flow. The appearance of the braided Rangitata is one of a 

multiple channel floodplain (with active ~igration and relocation of channels), rather than that of a broad 

shallow river filled with revegetated mid-channel bars. 

Carson notes the smaller degree of "braiding" in the Rangitata 2:11 reach compared to that in the Waimakariri 

and Rakaia rivers, and suggests that this may well be related to slightly faster degradation there at the present 

time. Carson states that the steepness of the Rangitata River valley floor in the Plains reach is apparently 

being maintained by rapid base-level lowering associated with coastal recession. These last comments do not 

appear to be consistent with data presented by other authors. An alternative explanation is provided by the 

author later in this chapter. 

Carson also notes that the Rangitata 2:1I reach is morphologically very different to the braided Rangitata 1 

reach (upstream of the gorge). Carson classified the Rangitata 2:11 reach as a "Wandering Type II" channel 

which he described as being morphologically different from true "braided" reaches in their smaller bank-full 

width, their smaller degree of channel splitting, and the dominance of vegetated island-tracts of floodplain 

rather than bare bars. Carson states that the extent to which wandering and braiding are characterised by 

different sets of processes is not clear. 

Based on this work, Carson proposed a tentative classification of channel patterns of gravel-bed rivers, shown 

graphically in Figure 2-12. Carson's "Relative bed material supply rate" parameter denotes the transfer rate 

into a reach from upstream relative to excess stream power in the reach: high rates imply shoaled channels; 

low rates imply deep channels. Carson's second parameter "Bank erodibility" reflects both bank strength 

(sediment type and vegetal cover) and channel forming shear stresses. Carson notes that high bank erodibility 

need not imply high present rates of bank erosion if channels have already become extremely wide. In his 

classification, Carson makes the distinction between two types of wandering behaviour: irregular and very 
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rapid bend migration, producing wide point bars which are often dissected (Type I); and persistent avulsion of 

flow out of the main channel (Type II). 

Carson admits that use of the proposed scheme is fraught with difficulty given that neither controlling factor 

is readily measured, and thus leads to the resulting assessment being subjective. However, based on 

descriptions in Carson's paper, three reaches ofthe Rangitata River (Rl, R2:I & R2:II) have been plotted on 

the classification diagram of Figure 2-12. 

Carson states that in the case of the larger Plains rivers wandering and braiding may have existed in concert 

with long-term degradation of the channel bed throughout much of the Holocene. Carson suggests that this is 

not inconsistent with his proposed mechanisms for wandering and braiding as the shoaling needed to induce 

multiple channel flow is essentially short-lived and localised, and is not necessarily incompatible with long

term degradation. 

2.3.1.6 Wilson (1985) 

In 1985 D.O. Wilson had another paper published in the Journal of Hydrology (NZ) entitled "Erosional and 

depositional trends in rivers of the Canterbury Plains, New Zealand'. In this study Wilson considered the 

major rivers ofthe Canterbury Plains; the Waimakariri, Rakaia, Ashburton and Rangitata rivers. This paper 

provides some insight to the various controls and their relative influence on morphology of the rivers of the 

Canterbury Plains. 

Wilson shows that the conical sectors of the Plains built up by the major rivers are convex in section so that 

surface streams flow away from the high terrace edges above the incised rivers and toward the smaller inter

fan rivers. Thus the only direct catchments of the major rivers in their Plains reaches are their floodplains -

typically 120-150 km2 for each. Wilson therefore concluded that each river's discharge, sediment transport, 

aggradation and degradation is controlled almost entirely by its area of high country catchment. Wilson 

noted, however, that shoreline degradation and progradation may also playa part in determining near-coastal 

aggradation or down-cutting. 

Wilson notes evidence of seaward steepening of the profiles of some of the major rivers due to an effective 

lowering of coastal base level from erosion of the coastline. Wilson states that at the Rakaia River mouth 

where coastal regression is approximately 2 m yr"1 the effects of coastal entrenchment extend 14 km inland to 

about the 60 m contour. However, Wilson states that there is a lack of evidence for coastal entrenchment at 

the Rangitata River mouth, so that the incision of the floodplain becomes progressively shallower in a 

seaward direction to the coast. Wilson supports this conclusion with the observation that since the gradients 

of the outwash surface deposited during the Otira Glaciation at both sites are similar the lower height of the 

coastal cliffs at the Rangitata River mouth suggests that coastal erosion at this location has been slower. 

Further comments are made about the extent and effects of coastal recession at the Rangitata River by the 

writer in Section 2.3.6. 
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Wilson states that the balance between aggradation and degradation in Canterbury rivers has been dictated by 

river loading, eustatic sea level fluctuation, coastal erosion and progradation (in tum dictated by coastal 

currents), and tectonism. Deep, seaward-shallowing trenches through the inland Canterbury Plains could be a 

consequence of alpine uplift and coastal subsidence or of contrasting glacial river loads (high) and interglacial 

(low) river loads due to climatically controlled catchment vegetation (erosion) as well as direct glacial 

fluctuations. Seaward-deepening trenches are a consequence of falling base-level due to coastal erosion or to 

coastal uplift. The greater length and depth of inland trenches (progressively shallowing downstream) 

compared with that of coastal trenches (progressively shallowing upstream) strongly suggest that the effects 

of river loading in response to climate and/or tectonism have been more significant than those in response to 

coastal erosion. 

Wilson concludes that the principal factor influencing Canterbury river regimes is sediment loading, as 

determined by climate, but that folding and uplift may also have played a significant part. Wilson states that 

eustatic changes during the climatic alterations of the Pleistocene did not appreciably change the river 

gradients or river regime as they affected river length as well as sea-level. Relatively recent coastal erosion 

(which would have been interrupted by any episode of coastal subsidence) has played a minor part in river 

activity by causing the development of trenches extending inland from the coast. 

Wilson states that it can be forecast that from evidence of long-term changes that coastal erosion will produce 

deepening or entrenchment of rivers into their beds at the coast and that this entrenchment will shallow 

progressively inland. Wilson also states that "load erosion" ie. trenching during progressive reduction of 

river load at the inner Plains margin might be expected to deepen existing trenches. The intersection point 

would thus be expected to move downstream, though the effect might be reduced or cancelled by trenching 

caused by coastal erosion. 

2.3.1.7 Carson (1986) 

In 1986 M.A. Carson had another pertinent paper published, this time in the Geological Society of America 

Bulletin entitled "Characteristics of high-energy 'meandering'rivers: The Canterbury Plains, New Zealand". 

Carson notes that the morphology of high-energy meandering rivers on the Canterbury Plains is, in some 

respects, quite different to that generally accepted for low-energy sand bed channels which seem to dominate 

the literature. 

Carson studied the bed morphology, plan geometry, and shifting patterns of the "meandering" reaches of four 

gravel-bed rivers on the Canterbury Plains. In this paper Carson presents the morphology and inferred 

processes taking place in individual channel bends, followed by an analysis of the overall channel pattern of 

these rivers at the scale of relatively long reaches. Lastly, Carson summarises the medium-term behaviour of 

the channels at a reach scale. 
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Carson makes a distinction between bends that are over-widened relative to intervening channel traverses and 

bends that are found in constant-width channels. Carson states that most meander bends on the Plains are 

over-widened, at bank-full stage, relative to intervening traverses ego Rangitata bend 7 (Figure 2-11). Carson 

states that this is partly because of the rapidity of bank erosion at these bends which, in tum, reflects the high 

specific power of the channels and the low strength of vegetation-free, uncemented gravel banks. In part the 

over-widened bars at the inside of bends seem also to result from scour of the floodplain adjacent to the inner 

bank by powerful over-bank flows that occur on the steep floodplains of gravel-bed rivers. Carson states that 

significant point bars at the apex of the bend only develop in over-widened bends. 

Carson mapped the topography and bed flow patterns on two over-widened bends from bed material 

imbrication direction and the alignment of partially buried vegetation (Figure 2-13). Carson found that the 

near-bed flow direction was not aligned toward the inner bank as is popularly assumed. For bend 4 of the 

Waireka Stream Carson found that the flow trajectory remained relatively unchanged from that formed in the 

previously straight reach (Figure 2-13a). In this case, the bend in the outer bank is abrupt (typical of many 

bends in gravel rivers) and water presumably "piles up" against the outer bank downstream of the bend apex. 

Carson states that such dramatic flow convergence against this part of the outer bank would accentuate 

current speed there. Moreover, by concentrating the turning in a small zone along the outer bank, spiral 

motion would be reinforced in- that outer zone, with inward deflection near the bed toward the point bar. 

However, Carson found no clear indication of bed-flow direction in the thalweg of this bend to support this 

hypothesis. This flow convergence at the outer bank is reflected by the intense scour along that part of the 

bank, the removal of finer gravel from the bed there, and the steepness of the bar front. 

The second over-widened bend mapped by Carson was bend 7 of the Rangitata River (the next left-hand 

meander downstream ofKlondyke Bend) (Figure 2-13b). Carson remarks that this bend is almost identical in 

morphology to the Waireka Stream bend, despite the Rangitata's much bigger size, and larger specific stream 

power and sediment size. Carson notes that the main difference between the two bends is that in the 

Rangitata the scour zone by the outer bank, downstream of the bend, is not occupied by the low-flow channel, 

which, instead, cuts across the point bar before spilling over a "riffle" to the left bank further downstream. 

Carson states that the discordant low-flow channel appears to be the product of scour during the falling limb 

or subsequent low-flow stages. 

Carson summarises his findings as follows. High short-term rates of bend migration and over-widened point 

bars are characteristic of "meandering" gravel-bed rivers of the Canterbury Plains. Inferred flow patterns 

over these point bars indicate that gravel accretes on them by deceleration due to flow divergence and not 

because of a bed current aligned obliquely toward the inner bank. The widespread flow toward the outer 

bank over the full depth produces intense flow convergence (and scour) along that bank. In abrupt bends, 

especially where there is little over-widening of the point bar, the "riffle" at the bend entrance takes the form 

of a steep front separating the shoaled channel upstream from the scour pool. Bed flow on the riffle is 

directed obliquely against the outer bank. Immediately downstream of bends, flow divergence frequently 

leads to deposition of gravel along the down-valley (formerly outer) bank, forcing the flow to the up-valley 
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side of the channel. As a result, a premature inflection occurs, leading to a pattern meander asymmetry quite 

different from the delayed inflection of suspended load channels. 

Carson states that there is no preferred tendency for meander trains to migrate down-valley but rather that up

valley migration (due to reversal of the meander asymmetry) is more common. Up-valley migration of the 

meander traverses is intermittent, however, being aborted by localised avulsions across channel bars. 

Comment is made on this statement in Section 2.3.8. 

Carson notes that avulsion is a recu.rrent feature of such streams, especially in the form of chute cut-offs of the 

point bar and incision along bar sloughs. As a result of this behaviour, the floodplains of these gravel-bed 

rivers are scarred with numerous remnant channels from avulsion. Carson states that this makes prediction of 

channel shifting much more difficult than in the case of suspended-load channels, which tend to be much 

more well-defined. 

Carson also noted that, in relation to the Rangitata River, inter-bend distances are long enough in some cases 

to produce more than one thalweg inflection, so that an alternating sequence of diagonal bars occurs between 

bends. Carson suggests that the discrepancy of the sinuosity wavelength of the thalweg and of the bank-full 

channel is relatedto the. active channel width. Carson notes that the channel width varies considerably from 

one traverse to another and is related to the different amounts of bank scour in major floods (due to 

differences in bank strength) and variable rates of revegetation of the channel margins. 

Carson notes that the low sinuosity of meandering gravel-bed channels reflects two phenomena. First, the 

high proportion of flow which short-circuits the over-widened bends in these shoaled channels diminishes the 

long-term rate of lateral migration (although short-term rates may be locally high) and through chute cut-offs, 

aborts meander-belt expansion. Second, the development of large inflection angles (for which flow is actually 

obliquely up-valley at the inflection point) is also hindered by persistent avulsion of the channel, resulting 

from shoaling of the thalweg. Carson states that the more deeply incised the channel the more stable and 

therefore more sinuous the channel can be because chute cut-offs and channel avulsions are infrequent and of 

a limited extent. 

Carson also notes that at sharp bends, the strong convergence of flow at the outer bank immediately 

downstream of the bend apex is often associated with localisation of bank erosion at that point, producing an 

embayment in the outer bank. Carson notes that such bend notches are characteristic of the Rangitata River, 

quoting bend 6 as an example (Figure 2-11). 

2.3.1.8 Mabin (1987) 

In 1987 Mabin had a paper published in the New Zealand Journal o/Geology and Geophysics entitled "Early 

Aranuian Sedimentation in the Rangitata Valley, mid Canterbury". This paper presented material additional 

to that published in the PhD thesis and provides a better understanding of more recent controls on the 

morphology ofthe Rangitata River. 
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Chronology and inference of climatic conditions made in this paper were undertaken by radiocarbon dating 

and pollen analysis. 

Mabin's findings were that the Rangitata Glacier receded from its late Otiran advance position well before 

11,450 years ago. As it receded, a lake became impounded behind the moraines that blocked the head of the 

gorge (Figure 2-14). It appears that this lake extended for at least 14 km up-valley to the area of Forest 

Creek. By 9,780 years BP, at least 5.5 m of lacustrine sedimentation had occurred at the head of the gorge. 

This deposition continued until shortly after 7,380 years BP. 

Following draining of the lake 16.5 m of fluvial sands and gravels began to accumulate. It appears that this 

fluvial sedimentation was localised and derived from the Pudding Valley Creek catchment. Mabin suggests 

that local extreme rainfall events recorded in the nearby valley of the South Branch of the Ashburton River, 

could have been a cause for this localised aggradation. However, from inspection of additional data, Mabin 

suggests that the period 7,500 to 6,800 years ago was one of aggradation in several South Island valleys as a 

result of a change to cooler and stomiier conditions after about 7,400 years ago. 

2.3.1.9 Browne & Leckie (1995) 

In 1995 the author received a draft of a paper co-authored by Greg H. Browne from the Institute of 

Geological & Nuclear Sciences, Lower Hutt and Dale A. Leckie from Geological Survey of Canada, in 

Calgary. This paper was intended for eventual publication in Sedimentology and was entitled "Coarse

grained braided rivers of the mid-Canterbury Plains, New Zealand". 

Browne & Leckie undertook this work in order to address some of the key issues regarding the sedimentology 

of the lesser studied rivers of the Canterbury Plains; the Rakaia, Ashburton, Hinds and Rangitata rivers. The 

main contribution of the Browne & Leckie paper was their measurement and comparison of grain-size, shape 

and sphericity data for the four rivers studied. 

From their investigations, Browne & Leckie state that, although sorting improves downstream, the rapid 

nature of the changes in the grain-size data suggest that mechanical abrasion is the more important control on 

overall clast-size reduction in the braided rivers. In addition, Browne & Leckie show that there is a greater 

abundance of compact (semi-equant) clasts at the river gorges, with clasts becoming more bladed with 

distance downstream. 

Browne & Leckie show that grain-sizes in the Rangitata River are considerably coarser than in the other 

rivers studied, but that the size of clasts delivered to the coast are similar. The Rangitata River thus showed 

the greatest clast size reduction of the rivers studied (I cm in 2.5 km). Browne & Leckie infer from this that 

clast size reduction is primarily dependent on the slope of the river profile and on the coarseness of the bed, 

not on discharge. Comment is made on this interpretation in Section 2.3.7. 
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In the Rangitata River, Browne & Leckie show that a coarser grain-size occurs at 17 Ian from the coast, but in 

general the reduction in grain-size is systematic downstream (Figure 2-15). Also noted, however, is that the 

station immediately downstream of the gorge is anomalously coarser grained than other parts of the profile. 

Browne & Leckie state that anomalous coarser or finer grained sectors appear in most of the rivers, 

suggesting that plugs of coarse and fine grained gravel move downstream analogous to the sediment 

translation waves of Griffiths (1993). Browne & Leckie state that these plugs may be resident in any given 

reach for considerable time, and migrate downstream largely during flood events. 

Browne & Leckie note that, from colouration differences on the upstream (stoss) and downstream (lee) sides 

of boulders greater than 50 cm in diameter, that these boulders have remained in their present orientation for 

approximately 50 years. Browne & Leckie also suggest, however, that are likely to be moved and rolled 

during larger (perhaps 100 year) flood events. 

2.3.2 Geological Setting 

The Rangitata seCtor ofthe Canterbury Plains, has been built up by the deposition of coarse greywacke gravel 

alluvial fans from erosion of the Southern Alps and foothill ranges. This erosion has been mainly associated 

with Late Pleistocene glacial advances in the Rangitata Valley and assisted by rapid uplift of the Southern 

Alps. Deposition has presumably been ongoing since the beginning of the Kaikoura Orogeny, and the 

resulting depth of Quaternary fill on the Canterbury Plains has been observed to be between 120 m and 700 m 

(depending on location). However, only the upper part of the Pleistocene epoch is represented by deposits 

outcropping at the surface. 

Late Pleistocene alluvial fan surfaces of the Plains region were built up during phases of aggradation related 

to periods of glacial advance. Each successive fan entrenched the apex of the older one and spread out over it 

further downstream, leaving only small remnants of the older fans along the inner Plains margin. This has 

resulted in the Plains surfaces dipping asymptotically towards the sea, with deeply entrenched upper river 

reaches which shallow downstream. 

2.3.3 Glacial Sequences and Terrace formation 

2.3.3.1 Fluvial Processes and Landforms Related to Glacial Activity 

During glacial advance increased erosion of the catchment occurs, enhancing supply of sediment to the river 

and causing aggradation and an associated braided river planform (aggradation being associated with 

braiding, although not exclusively (Carson, 1984a,b, 1986)). Following glacial retreat the river experiences 

reduced sediment supply, compared to the advancing situation, and thus commences rapid incision, a process 
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not conducive to braiding. The river therefore forms a meandering planform, although only in the region of 

the Plains close to the gorge as entrainment of gravel from the river bed and banks eventually promotes 

braiding downstream. The fact that braiding is associated with aggradation and meandering is associated with 

incision results in aggradational surfaces being recognised by their braided surface features, and degradational 

surfaces by their smoother meander remnants. 

The discrepancy in river slope above and below the gorge (Figure 2-18), obviously enhanced by glacial 

activity, would have magnified the difference in sediment supply between glacial advance and retreat. To 

elucidate: glacial advances "pushed" sediment ahead of the Glacier through the gorge, supplying large 

quantities of sediment to the Plains; during glacial retreat sediment was moved primarily by fluvial means so 

that it became deposited in the wide, low-slope upper valley, decreasing sediment supply downstream. 

The formation of terminal moraines impounding lakes and trapping sediment, as occurred during the Spider 

Lakes advances, obviously enhanced the down-cutting process and the propensity for meander formation. 

Periods of aggradation, during which the meandering reach remained deeply incised, would not have caused 

braiding in this section (as can be seen from the lack of remnant braided surfaces on the point bar below the 

gorge (Figure 2-11 ». This is due to the fact that the river is severely constrained laterally and is not able to 

initiate the process of braiding. -Downstream, however, the floodplain is wide enough to for this to occur. 

2.3.3.2 Proposed Chronology of Formation of the Klondyke Terraces 

Figure 2-10 presents a refinement of the broadly dated terrace surfaces within the Klondyke Reach of the 

Rangitata River presented by Mabin (1980). The map of Figure 2-10 is based on the aerial photography of 15 

February 1978 (SN 5204; Figure 2-11) and delineates the terrace surfaces and alluvial fans in the area. The 

map key of Figure 2-10 presents the chronology of terrace sequences proposed by Mabin (1980). Broad 

dates and glacial periods associated with the glacial chronology have been quoted from Gage (1980) and 

Pillans et al. (1992). 

Based on the work of Speight (1941), Mabin (1980, 1987), the description of glacial activity and its 

associated surface forms provided above and features shown on Figure 2-9 to Figure 2-11 the following 

chronology of processes leading to formation of the Klondyke terraces is proposed. 

During the Waimea glacial period (c. 250,000 BP) the Dogs Hill glacial advance passed through the gorge and 

spread out onto the Plains at about 490 m amsl. There were at least two advances associated with the Dogs Hill 

advance, the younger of which did not extend onto the Plains (Mabin, 1980). The associated Woodlands 

formation (mapped in brown) occurs (among other places) as a high level terrace to the west of the Rangitata 

River below the gorge (Figure 2-10). The surface of this terrace is 130 m above river level and has a face height 

of 70 m. There are small remnants of a shelf 12 m higher still (being evidence of more than one advance) but 

these have been modified by wash from the neighbouring hills so that the determination of their true height is 

illusory (Speight, 1941). 
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Mabin (1980) stated that no clear terminal positions associated with the Dogs Hill advance could be deteonined 

on the inner Plains margins. However there is evidence, trom a step in the Plains profile, that the teoninal 

moraine of the Dogs Hill advance forms the seaward boundary between the Windwhistle and Burnham terraces, 

where a remnant of the Woodlands foonation also exists (Figure 2-9). This boundary, approximately 9.7 km 

downstream from the gorge exit, is likely to represent the maximum known seaward extent of the Rangitata 

Glacier (Speight, 1941). 

As the Glacier receded back into the gorge during the onset of the Kaihinui interglacial period (c. 130,000 

BP) the terminal moraine of the Dogs Hill advance which was composed of large angular boulders was back

filled and boulders carried by the Glacier were deposited on the surface. During this interglacial period the 

river will have degraded. destroying that part of the moraine line immediately downstream of the gorge where 

it was exposed to the full force of the river. 

During the Trinity advance at the onset of the Otira glacial period (c. 100,000 BP) the Rangitata Glacier 

reached to the upstream end of the gorge. No teoninal moraines of this advance are preserved in the main valley, 

indicating there were several major fluctuations of the ice tront (Mabin, 1980). Aggradation of the river 

associated with this glacial advance resulted in a very wide braided outwash surface which is the present day 

Windwhistle formation (mapped in green) (~igure 2-10 & Figure 2-9). The wide, dispersed water flows were 

apparently unable to move the boulders that formed the teoninal moraine of the Woodlands foonation, but the 

sediment carried filled the surface behind it and flowed over its top, to some extent lowering it. This 

overflow of sediment did not occur to the extent that the moraine was completely drowned out, as it is still 

quite noticeable today. although more pronounced in some places than others. The Windwhistle foonation 

forms the highest terrace on the east bank and intersects the foothills at 480 m amsl (85 m above river level at the 

diversion race intake). 

Following the Trinity advance a major interstadial caused a recession of the Rangitata Glacier during which 

the river again cut down in the vicinity of its present position. 

Mabin (1980) states that during the ensuing Hakatere advance (c. 15,000 BP), in which several individual 

advances occurred, the Rangitata Glacier extended to the upstream end of the gorge where a small moraine 

remnant marks its furthest extent. However, Speight (1941) proposed that an advance of ice during this period 

was responsible for the presence of a moraine adjacent to Mt Pukanui on the east side of the river at the exit 

of the gorge. 

With initiation of the Hakatere advance the river prograded and adopted a braided planform. The associated 

Burnham formation (mapped in blue) is the most extensive of the Plains foonations and can be traced trom the 

downstream end of the Rangitata Gorge for 52 km south-east to the present coastline (Figure 2-9). As the river 

aggraded within the Klondyke reach it laterally eroded the older Windwhistle terrace to the east, producing 

the long gently curving terrace face and the braided surface pattern, which are still present today (Figure 2-10 

& Figure 2-1 I). The abrupt break at the end of this long terrace can probably be attributed to the presence of 

boulders deposited during retreat of earlier Dogs Hill advance. This explanation is supported by comments 
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by Speight (1941) on the presence of concentrations of large boulders on the western Burnham terrace just 

downstream of Chapmans Creek. 

The highest surface of the Burnham fonnation is on the east bank of the Rangitata River, where at the gorge 

mouth it is 70 m above the river (427 m ams1). Mabin (1980) states that is possible that some of the lower 

surfaces of the Burnham fonnation belong to the younger St Bernard fonnation, but that there is no means of 

detennining this as they are too far from occurrences of the St Bernard fonnation near the gorge mouth. 

Following retreat of the Rangitata Glacier during a minor interstadial the river again incised its bed, with the 

reduced sediment supply promoting a meandering channel pattern as it did so. This incising meander fonn 

produced the smooth sculpts and meander bend fragments present in the Burnham terrace on both sides of the 

river. 

The Spider Lakes advance represents the youngest Late Pleistocene glacial event in the Rangitata Gorge. Ice 

extended to the upstream end of the gorge to a moraine remnant at 450 m amsl. The Glacier advanced three 

times during this period (Figure 2-14). Mabin (1987) states that the Rangitata Glacier receded from its late 

Otiran advance position well before 11,450 years ago. As it receded, a lake became impounded behind the 

moraines that blocked the head onhe gorg~ (Figure 2-14). It appears that this lake extended for at least 14 

km up-valley to the area of Forest Creek. By 9,780 years BP, at least 5.5 m of lacustrine sedimentation had 

occurred at the head of the gorge. This deposition continued until shortly after 7,380 years BP. Following 

draining of the lake 16.5 m of fluvial sands and gravels began to accumulate. Mabin (1987) stated that it 

appeared that this fluvial sedimentation was derived from the Pudding Valley Creek catchment as a result of 

localised extreme rainfall events. While from rainfall records it appears that localised extreme rainfall events 

took place these were probably of a small number. Landsliding and erosion of the catchment which would 

have been initiated by these events will have supplied a large amount of detritus to Pudding Valley Creek. 

This excess detritus would then have been gradually transported down-valley by subsequent "normal" flood 

events. 

The associated St Bernard fonnation (mapped in purple) occurs downstream of the Rangitata Gorge and is of 

limited extent (Figure 2-10). A number of low terraces occurring between 25 m and 45 m above river level on 

both sides of the Rangitata River for 8 km downstream of the gorge can be confidently traced upstream into the 

Spider Lakes outwash surfaces (Mabin, 1980). Mabin (1980) notes that down-valley some of the lower Burnham 

formation surfaces could possibly be included in the St Bernard fonnation. 

The St Bernard terraces are discontinuous because of subsequent lateral river erosion. The upper surfaces of 

these terraces show braided patterns associated with aggradation during the Spider Lakes advances. 

However. lower surfaces generally display smooth meander sculpts associated with rapid down-cutting 

caused by trapping of sediment in the lake impounded upstream of the gorge. 
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The Two Thumbs advance was an early Holocene glacial event. During this advance the Clyde and Havelock 

glaciers coalesced and extended approximately 3 km into the main Rangitata Valley, terminating at about 550 m 

ams\. 

The associated Springston formation (mapped in orange) occurs close to the Rangitata River along the inner 

Plains margin, becoming more extensive towards the coast (Figure 2-10 & Figure 2-9). This formation consists 

of low terraces, 3 m to 8 m above present river level, the surfaces of which are all clearly channelled. In places 

this formation includes some very low terraces close to the river. These may be recently abandoned parts of the 

river tlo?d plain and could be mapped as recent river gravels. Although the formation covers a wide area it is 

probably only a few metres thick and therefore of limited volume. 

Mabin (1980) considered that the Springston formation was not directly associated with the Two Thumbs glacial 

advance, but was rather associated with elevated river base level caused by postglacial sea level rise, and by the 

erosion of inland glacial deposits during the period of deglaciation. However, some doubt exists as to the effect 

of sea level rise on the formation of terraces on the Rangitata River. Comment on this and a proposed alternative 

mechanism for the formation of terraces mapped as part of the Springston formation is given in Section 2.3.3.3. 

There is evidence of the occurrence of significant landslide events in the Rangitata Gorge. The largest of these, 

from its relation to previously dated terrace remnants, appears to have occurred during the early Holocene 

(Barrell, pel's. comm.). Such an event will have caused the formation of a landslide dam in the Rangitata Gorge, 

the breaching of which will have supplied a vast amount of material, including large angular boulders, to the 

upper Plains reach of the Rangitata River. Events such as this may be at least partially responsible for the 

presence of large boulders in the Klondyke reach of the river and for the formation of the lower river terraces. 

Pollen evidence from the Rangitata Valley and other South Island sites suggests that there was a change to cooler 

stormier conditions after about 7,400 years ago, which correlates with a period of aggradation in several South 

Island valleys between 7,500 to 6,800 years ago (Mabin, 1987). This may partially explain the high rate of 

sedimentation experienced during the Two Thumbs advance. 

Late Holocene (Recent) formations mapped in Figure 2-10 include the present floodplain deposits of the river 

(mapped in yellow) and low degradational terraces generally less than 5 m above the present river beds (mapped 

in red). 

The river is continuing to slowly incise its bed below the gorge due to its steep slope and lack of sediment 

supply from upstream (Figure 2-18). On-going incision is also promoted by continued uplift of the Southern 

Alps «0.5 mm y(1 in the area immediately adjacent to the Plains (Browne & Leckie, 1995» and also (at least 

in the lower Plains region) by river base-level lowering caused by coastal erosion. Late Holocene formations 

are likely to be primarily related to this continued river incision and possibly also to landslide events in the 

Rangitata Gorge. 
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2.3.3.3 Further Terrace Analysis 

Identification of the evolution of terrace sequences such as those present at Klondyke is inherently difficult 

because of destruction of evidence during periods of lateral erosion and incision. Deposition also conceals 

evidence of pre-existing forms if their cross-sections are not exposed at some location. 

From Figure 2-10 it can be seen that over time the Rangitata River in the Klondyke reach has gradually 

incised its bed and in the process reduced its lateral influence on the bounding terraces. Figure 2-10 also 

shows that the tributaries of the western foothills within the Klondyke reach have built a suite of alluvial fans 

over the terrace surfaces as the river has degraded its bed. 

Mabin (1980) notes that the Burnham formation on the west side of the river is in general lower than that on 

the east side (Figure 2-10). This is difficult to confirm from the contour map because of the limited number 

of identifiable contours and complications imposed by the presence of the many alluvial fans (Figure 2-10 & 

Figure 2-2). Speight (1941) makes no similar comment about the difference in level of this surface. 

However, if the west side is lower than that of the east then the explanation of Section 2.3.3.1, pertaining to 

the relationship between incision / aggradation and surface form, still holds if the Burnham formation was 

subject to more than one period of aggradation (as supported by Mabin's statement that the Hakatere advance, 

associated with the Burnham formation, was subject to several stades). 

Mabin's (1980) statement that the Springston formation terraces may have been formed due to postglacial sea 

level rise appears to be incorrect. As stated by Wilson (1985), changes in sea level during the Quaternary 

would not have affected river gradient or regime as they affected river length as well as base-level. Coastal 

erosion will, however, cause river incision resulting in the formation of river terraces for some distance 

upstream. 

Table 2-1 shows recent rates of coastal erosion at the Rangitata River mouth quoted by Gibb (1978), and 

includes some extrapolation to show the degree of associated vertical incision (river base level lowering) over 

various time periods. This base level lowering was calculated using the overall lateral erosion rate of 0.34 m 

y(1 quoted by Gibb (1978) and the present day river slope in the coastal region (0.5%). This information 

shows the approximate amount of vertical degradation since post glacial sea level rise (reaching modern day 

levels approximately 6000 years ago - Early Holocene) to be 10.3 m. This figure appears to be of the correct 

order (allowing for slope adjustment and coastal subsidence effects) given the currently 7.6 m high Early 

Holocene (Springston formation) sea cliffs. This degree of coastal base level lowering is likely to have had a 

significant effect on terraces levels for some distance upstream and is likely to be responsible for the terraces 

associated with the Springston formation, at least in the lower Plains region. 

Carson (1 984a) notes that some of the lower terraces of the Rangitata River upstream of Lynn Stream show a 

braided pattern (citing the eastern terrace of bend 12 as an example) (Figure 2-11), indicating that in the 

recent past braiding began closer to the gorge. If this is indeed true then the cause could be attributed to one 

or a combination of factors. Firstly, the river may have shown a higher degree of sinuosity in the recent past, 



2-29 

thus being able to entrain more sediment and therefore initiating the braiding pattern at an earlier stage 

(increased sediment supply being associated with initiating the meandering to braided transition (Carson, 

1984a,b, 1986)). This seems feasible given the evidence of wide variation of meander position over the 

recent past and the present low degree of sinuosity between bends 2 and 4. Secondly, the location cited by 

Carson (1984a) appears to coincide with a Springston formation terrace mapped by Mabin (1980) (Figure 2-

10). According to Mabin this formation is likely to have been generated by erosion of glacial deposits 

upstream during the period of deglaciation, thus increasing sediment supply to the river, inducing aggradation 

and increasing the opportunity for braiding. Both these processes explain the braided surface character of the 

noted lower terraces. 

TABLE 2-1: Coastal erosion in the vicinity ofthe Rangitata River mouth. 

Period Time Lateral Erosion Lateral Erosion Vertical Erosion Vertical Erosion 
[yr] [yr] em] Rate [m yr- I

] em] Rate [mm yr- I
] 

1939-1961 22 6.0 0.27 0.03 1.36 

1961-1977 16 7.0 0.44 0.04 2.19 

1939-1977 38 13.0 0.34 0.07 1.71 

1939-1995 56 19.2 0.34 0.28 1.71 

6000 BP- 6000 2,053 0.34 10.26 1.71 

Notes: I) Lateral erosion data over period 1939-1977 from Gibb (1978). 
2) Vertical erosion calculated from approximate river slope in coastal region (0.5%). 
3} BP = before present. 

Carson (1984a) surmises that braiding must have existed in concert with long-term degradation of the channel 

bed throughout much of the Holocene, and suggests that this was possible because of the sufficiently slow rate 

of degradation and the continued (intermittent) supply of sediment through that period. This appears to be a 

reasonable statement, although it is likely to be only valid during periods when very slow degradation did 

occur following initiation of a braided form. 

The multitude of alluvial fans on the west side of the river, formed during different periods of the river's 

evolution, are likely to have had an effect on both the lateral position of the river and also perhaps on its form. 

Speight (1941) notes the effect of the alluvial fans of tributaries on the west side of the river artificially 

increasing the height of the terrace in their vicinity and gives as an example the high level fans of Raules 

Gulley and Chapmans Creek which have raised the level of the terrace by as much as 15 m. As suggested by 

several authors (eg. Schumm, 1979; Carson, 1984a, 1986; Wilson, 1985) the presence of the alluvial fan at 

the bottom of Lynn Stream appears to have forced the Rangitata River against high Pleistocene outwash 

terraces on the opposite side of the valley. This has enabled the river to acquire large quantities of bed calibre 

material, thus promoting the sharp transition from meandering to braiding observed below the confluence of 

Lynn Stream (Figure 2-20). Similar effects could have occurred in the past, and this may be a third 

explanation for the braiding pattern noted above Lynn Stream by Carson (1 984a). Similarly, the alluvial fans 

may have encouraged long-term eastward migration of the river, explaining a general curvature of the river 

away from the southern foothills from which these fans emanate (Figure 2-1 & Figure 2-20). However, the 
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same can not be readily said about the channel at Lynn Stream. It is possible that the avulsive nature of the 

"braided" channel in this reach has made the river less susceptible to such influences. 

From meander remnants in the high river terraces it can be seen that the river was considerably more tortuous 

in the past, showing distinct up-valley deflection of the meander arc at several locations. This is most 

noticeable in the Burnham terraces (Figure 2-10 & Figure 2-11). This would have been a direct consequence 

of the steeper valley slope (Schumm, 1977) and possibly also a lower sediment supply which may have 

occurred due to impoundment of a lake upstream of the gorge. A smaller degree of channel incision may also 

have allowed the river to develop a more tortuous path by reduced resistance to lateral migration. However, 

the exact difference in channel meander amplitude and wavelength to that present today is difficult to 

determine because of migration of the channel and lateral erosion of the terrace remnants. As noted above, 

this increased sinuosity may have initiated braiding at an earlier stage than occurs today. 

Speight (1941) notes that from exposed cross-sections of the river terraces it can be seen that many terraces 

are capped by sediment either including or comprised of angular blocks overlying sediment of finer grade. 

Where the surface of the terrace is narrow in width the armouring is more evident than where the terrace is 

wide (Speight, 1941). The presence of these angular blocks can be attributed to their deposition at stages 

when the Rangitata Glacier entered the Plains region. Because of the size of these boulders they were unable 

to be moved by the river, and instead "sank" into the active river bed as sediment was reworked around them. 

The apparent presence of a greater number of rocks on the narrow terraces can be attributed to the fact that 

because the narrower terraces are inherently closer to the present river position, they are generally also lower 

(Figure 2-10). To elucidate more boulders were collected as the river cut down, thereby concentrating the 

boulders on the lower, narrower terraces. This is similar to the process of tracer deposit formation described 

by Schumm (1977). It is also possible that these rock concentrations are rock avalanche remnants (Davies, 

pers. camm). 

Inspection of terrace sequences at Intake Bend on Figure 2-10 reveals an interesting trend in this part of the 

river. It appears that there has been ongoing eastward migration and outward development of the meander 

bend at that location at least since deposition of the Burnham formation (c. 15,000 BP). Perhaps the most 

interesting trend has been the development of an almost perfectly straight reach extending in an easterly 

direction from the exit of the gorge. The river in this reach is bounded by bedrock and together with the 

straightness of this reach suggests that the river has tended to follow a fault line (weakness) in this rock. 

Speight (1941) notes the presence of an apparent 1.5 m high fault scarp running perpendicular to the line of 

the low terraces on the west bank of the river opposite the RDR intake (Figure 2-16). As these low terraces 

have been mapped as part of the Springston formation (Early Holocene) by Mabin (1980) it supports the 

proposition that there has been recent and ongoing tectonic movements in the area associated with uplift of 

the Southern Alps. The fact that there is no evidence of such a fault scarp on the northern terrace gives 

support for the proposition of an east-west trending fault line at the present location of the river at the 

upstream end of Intake Bend. A simplified interpretation of the geology in the area, based on the above 

observations and interpretation, is presented in Figure 2-17. 
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Some of the smaller terrace sequences may have been formed due to episodic erosion described by Schumm 

(1977). Such terraces, if indeed they exist, are likely to be restricted to periods associated with high rates of 

aggradation or incision, ie. possibly all but the relatively recent deposits. Many of the small stepped terraces 

superimposed on the major terraces present at Klondyke could be attributed to such processes (Figure 2-11). 

2.3.4 Recent Climatic and Glacial Activity 

2.3.4.1 Glacial Activity 

The valley glaciers of the Rangitata River are now much shrunken compared with their condition 130 years 

ago when Europeans first saw them. Some of the small, high level glaciers have disappeared in this time, and 

others have been reduced to mere ice patches (Burrows, 1994). 

J.B~A. Ackland's records show that over the five year period from 1866 to 1871, ice to a thickness of 100 m 

had melted away at the Sir Colin Campbell Glacier in the Clyde Valley (Hearnshaw, 1994). 

Mount Cook regional glaciers expanded considerably between about 1880 and 1894. Steady recession 

accelerated recently. There are no records from the Rangitata Valley indicating a glacier readvance in the late 

19th century, although one might have occurred (Burrows, 1994). 

Burrows (1994) states that in the 20th century none of the larger Canterbury glaciers, including those in the 

Rangitata Valley, has expanded. This is because their neves are relatively small and the glaciers themselves 

are long, gently sloping, and slow-flowing. Chinn (1994), however, states that most of New Zealand's 

glaciers initiated an advance around the mid 1970's and that it can be predicted, with some certainty, that they 

will continue to expand for at least another five years. Chinn (1994) notes that present rapid recession of 

some of New Zealand's glaciers is due to the development and growth of the proglaciallakes at their termini, 

which is exerting a far greater control on present glacial activity than climatic influences. 

2.3.4.2 Catchment Change 

Land in the Rangitata catchment was taken on as pastoral runs in the mid-nineteenth century (Hearnshaw, 

1994; Knox, 1969). Firing of the country to make it suitable for farming would have caused a significant 

increase in catchment run-off and erosion of land. Similarly, intensive grazing by introduced animals has 

reduced the height and density of tussock cover, enhancing erosion and run-off during storm events. 
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2.3.4.3 Tectonic Activity 

Severe earthquakes on the Alpine Fault will cause severe landsliding in the Rangitata catchment and 

concomitant enhanced sediment supply to the Rangitata River. Major earthquakes on the Alpine Fault can be 

expected to occur on average approximately every 250 years (Davies, pers. comm.). 

2.3.4.4 Rainfall 

The Hokitika rainfall record which extends back to 1891 indicates a period of unusually high annual rainfall 

from 1902 to 1926. Because the majority of annual rainfall falls on only a limited number of days per year 

high annual rainfall totals reflect the high occurrence and/or magnitude of individual storm events (Cherry, 

pers. comm.). Thus it can be inferred that the period from 1902 to 1926 contained unusually high magnitude 

and/or number of storm events. 

Winter rainfall at Franz Josef is also now 25% higher than it was 50 years ago (Larsen,pers. comm.). 

Lucy (1958) commented on considerable slipping of hill sides in the Lawrence catchment during heavy 

rainfall associated with the 3A60 cumec flood of 27 December 1957 (Appendix I). This indicates the 

influence of storm events in the Rangitata catchment on sediment supply to the Rangitata River. 

2.3.4.5 Morphology 

The effect of continued glacial activity, deterioration of catchment cover and land-sliding from extreme 

rainfall events and earthquakes would seem to indicate high sediment supply to the river during large flood 

events. The effect of periods of high rainfall in the past and recent glacial activity on recent (and future) 

sediment supply to the river may have significant influence on river morphology. The effect this will have on 

river processes below the gorge is difficult to determine as it is reliant on the amount of this sediment retained 

in upper reaches of the river (upstream of the gorge) and the ability of the river to transport the acquired 

sediment through its upper Plains reach. 

2.3.5 Longitudinal Profile 

Adopting the notation of Schumm (1977), as proposed by Carson (1984a), the Rangitata River can be divided 

into three general regions: Zone I (production) reaching from the headwaters to the gorge; Zone 2 (transfer) 

extending from the gorge through the highly incised upper Plains region; and Zone 3 (deposition) 

representing the more recent alluvial fan region (not withstanding the area of coastal entrenchment at the river 

mouth). The location of the transition between Zones 2 and 3 is not clear, and will be discussed in more 

detail later. 
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The longitudinal profile of the Rangitata River and its major tributaries are shown in Figure 2-18. The 

Rangitata River has the steepest profile of the mid-Canterbury rivers and is fed by very high gradient 

tributaries. The long profiles of three main tributaries coalesce to form the main river profile which dips 

asymptotically towards the gorge. The gorge acts as a local base level, inhibiting erosion by the river at this 

point, and as a consequence there is a sharp change in gradient below the gorge where the river now dips 

asymptotically towards the coast (Figure 2-18). The general profile of the Rangitata River in the Plains 

region is that of a seaward shallowing incised channel, approximately 110m deep at the inner Plains margin. 

As can b.e seen from Figure 2-18 & Figure 2-19 the terrace level on the east bank of the river near the coast 

shows a relatively sharp upward curvature seaward, initiating approximately 7 km upstream of the river 

mouth. However, this feature can be attributed to the westward swing of the river, initiated at approximately 

the same location. This oblique course across the lower part of the Rangitata fan produces the apparent 

shallowing of slope observed. 

The river bed in the coastal region appears to reach an area of minimal incision (terrace height of only 2 m) at 

about 8 km from the coast (Figure 2-19). The river bed seems to approach this point along a generally 

smoothly shallowing profile. Downstream from this point the river appears to steepen slightly, while nearer 

the river mouth, the river bed again shallows its slope, approaching the coast asymptotically. At the coast the 

river is incised approximately 8 m below the east bank sea cliffs. These last features of the coastal river 

profile are discussed in more detail in the following sections. 

2.3.6 Erosion I Deposition 

It appears that the upper part of the Rangitata catchment is continuing to erode, assisted by glacial activity 

continued tectonic uplift and extreme precipitation. The main valley of the upper catchment appears to be 

responding by continued aggradation. This aggradation is evidenced by the generally low slope of the main 

valley (suggesting incompetence of sediment transport) and the well developed braided river pattern over this 

reach. This part of the river profile is likely to experience continued aggradation and steepening until a 

dynamic equilibrium can be established whereby all sediment transported to the main valley can be carried 

down-valley through the gorge. Thus while the river below the gorge will continue to incise over the medium 

term, over the much longer term incision is likely to halt (not withstanding tectonic uplift in the area) as 

sufficient sediment is supplied from upstream. The effect this will have on the lower river depends on the 

extent to which the river has incised below the gorge and the quantity of sediment supplied by the upper river 

once it reaches dynamic equilibrium. 

The downstream transition between where river bed level is defined by the rock gorge and where it is defined 

in alluvium is not altogether clear. Field investigations in the area of the gorge have shown that the river is 

bound on both sides by solid rock formations almost until the diversion race intake. However, this does not 

suggest that river bed level in the area is confined in the same manner. It seems clear that over time the river 

will continue to incise in the region below the gorge, inhibited only by the presence of basement rock which is 
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likely to occur at greater depths at distances further from the gorge. This incision rate may be high (in 

geomorphic terms) especially given the rate of uplift at the inner Plains margin of around 0.5 mm y(l 

(Browne & Leckie, 1995). However, this effect may be offset by enhanced sediment supply from upstream. 

Ongoing channel degradation in this area has long term implications for operational integrity of the RDR 

intake. 

Gibb (1978) quotes rates of coastal erosion and accretion in New Zealand from field and aerial photograph 

measurements and historical surveys (Table 2-1). Results for the Canterbury Bight show that there is 

significant variation in recent erosion rates along that part ofthe coast. Recent coastal retreat at the Rangitata 

River mouth (0.34 m y(') appears to be low in comparison to that part of the coast immediately surrounding 

it, with a tendency for erosion to increase markedly to both the east and west. The generally slower rate of 

coastal retreat at the Rangitata River mouth compared to smaller nearby rivers can be attributed to its higher 

sea-cliffs (due to its large alluvial fan) and greater sediment load. 

Wilson (1985) states that at the Rakaia River mouth where coastal regression is approximately 2 m y(l the 

effects of coastal entrenchment extend 14 km inland to about the 60 m contour. However, Wilson states that 

there is a lack of evidence for coastal entrenchment at the Rangitata River mouth and supports this with the 

observation that since the gradient of the outwash surface deposited during the Otira Glaciation at both sites 

are similar the lower height of the coastal cliffs at the Rangitata River mouth suggest that coastal erosion at 

this location has been slower. 

Wilson's (1985) statement that there is a lack of evidence for coastal entrenchment at the Rangitata River 

mouth is not supported by the writer. Measurement/taken from 1 :50,000 topographical maps suggest that 

there is evidence of coastal entrenchment on the Rangitata River, the immediate effects of which extend 

approximately 8 km from the coast to a level of 40 m amsl (Figure 2-19). 

As was noted in Section 2.3.5, below the area of minimal incision at approximately 8 km from the river mouth 

the river seems to increase its slope. However at approximately 5 km from the coast river slope seems to 

flatten out again, to approach the coast asymptotically. It seems that the region between 5 and 8 km from the 

coast is the location of nick-point recession (Figure 2-19). 

The South Branch of the Rangitata River is a tribute both to the fact of coastal recession and to the proposed 

location of the main channel nick-point. As can be seen from the lowest reach of the South Branch it has a 

very steep profile and a rather distinct nick-point at about 4.5 km from the coast (Figure 2-19). This is due to 

the fact that the South Branch only carries water during significant flood events and thus the nick-point has 

not had sufficient time to proceed up-channel. The surface slope and level of the South Branch channel at 8 

km from the coast compared to that of the main channel is further evidence for the proposed location of nick

point recession (at 8 km) in the main channel (Figure 2-19). 

As can be noted on the main river, and to a lesser extent on the South Branch, the river bed profile appears to 

display a "stepped" profile leading from the coast to just upstream of the South Branch confluence (Figure 2-
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19: <D-~). These "steps" may in fact represent multiple erosion nick-points analogous to the episodic erosion 

concept proposed by Schumm (1977). Schumm proposed that episodic erosion was possibly only a relevant 

process during high rates of sediment input, perhaps associated with catchment rejuvenation initiated by river 

base level lowering. However, it is considered a possibility here, given the fact that base level lowering is in 

effect occurring and that effectively high sediment transport rates are present due to continual sediment 

supply from the eroding river bed and banks, and to the loss of water by infiltration. If this proposal is in fact 

true then the effect of coastal erosion would extend approximately 28 km upstream, compared to the 8 km 

proposed earlier. This zone, comprising the proposed multiple erosion nick-points, represents a transition 

between the coastal and upper Plains profiles. Coastal erosion effects on the Ashburton River extending 

20-25 km inland to an altitude of 120 m noticed by Wilson (1985) correlate well with the 28 km entrenched 

region extending to 160 m proposed for the Rangitata River. It is also possible that these "steps" in river long 

profile near the coast may be related to a different phenomenon such as the sediment translation waves 

proposed by Griffiths (1993). 

Other authors (Browne & Leckie, 1995 and Wilson 1985) have noted a lack of coastal entrenchment on the 

Rangitata River and have attributed this to its slower rate of coastal retreat. The fact that the series of "steps" 

in the river long profile noted above have not been noticed before may be due to the accuracy and method of 

previous profile mapping attempts. In this case the river bed profile was mapped using a wheel micrometer 

(accuracy of±2.5 mm ~ ±I25 m) by following the "dominant" braid channel (terrace heights being plotted 

from a location on the east bank at right angles to the general direction of the river, not the individual 

channel). This allowed plotting of the actual river path, not an arbitrary path defined by a straight line 

between contours. 

It was investigated whether these apparent "steps" in the long profile could have been caused by some other 

simple phenomenon, including mapping error. However such an explanation could not be found from 

inspection of the contour map, and evidence against such a possibility is provided by the relatively smooth 

profile extending above the South Branch confluence, over which no noticeable river pattern change occurs. 

The much greater upstream extension of the effect of coastal retreat on the Rangitata River compared to the 

Rakaia River, even though the rate of erosion at the Rangitata mouth is considerably less than that at the 

Rakaia mouth, can be attributed to several factors. Aggradation in the mid to lower reaches of the Rakaia 

River, evidenced by its fully developed braided pattern, will be inhibiting up-channel progression of the 

effects of coastal retreat and perhaps adding to the distinct transition from the main river profile to the coastal 

entrenched profile. The Rangitata River on the other hand appears to indicate long-term degradation along its 

entire Plains reach, signified by the Wandering Type II channel pattern which persists to the coast. 

Aggradation which may have a tendency to occur near the coast is apparently inhibited by coastal erosion. 

This coastal erosion appears to have a proportionally greater influence on the Rangitata River because of its 

steeper profile. The "erosion steps" which are present in the lower reaches of the Rangitata River may be a 

consequence of both the steeper profile and the reduced tendency toward aggradation in the lower reaches. 
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2.3.7 Sediment Characteristics 

The Rangitata River carries a high sediment load; transporting 0.281 Mt a-I bedload and 2.61 Mt a-I of 

suspended load (Gibb & Adams, 1982). 

Visual inspection of the tributaries feeding into the Klondyke reach showed them all to carry coarse-grained 

angular sediment. This characteristic is undoubtedly related to the relatively short length of the tributaries 

and the steepness of their profiles. 

Carson (1984a) quotes the median grain-size of material above the gorge as dso = 20 mm. This is 

significantly finer than the material immediately downstream of the gorge (dso = 500 mm). Reasons for the 

marked difference are the lower slope of the river above the gorge and the preferential concentration of large 

boulders (bed armouring) at the downstream end of the gorge caused by ongoing incision of the channel in 

that region. 

Browne & Leckie (1995) note that grain-size in the Rangitata River is considerably coarser than that in other 

mid-Canterbury rivers. However, they also note that the grain-size at the coast is similar to the other rivers, 

suggesting that greater grain-size reduction.in the Rangitata is due to its steeper slope (Figure 2-15). Also 

suggested is that the process of grain-size reduction is a combination of both downstream hydraulic sorting 

and mechanical abrasion, with the latter being the dominant process. 

Browne & Leckie (1995) found that an anomalously coarse grain-size occurs at both 17 km and 52 km from 

the coast (Figure 2-15). The 52 km sample station lies in the area between Lynn Stream and Chapmans Creek 

and returned a mean longest axis of dso = 320 mm (Figure 2-18). There are several possible reasons for the 

seemingly anomalously high sediment size in this area. Firstly, the area in question is rapidly incising (in 

geomorphic terms) due to the lack of sediment supplied from upstream, the steep profile and continued 

tectonic uplift of the area." This incision results in sorting of the sediment; finer grained sediment being 

entrained and carried downstream, while coarser grained sediment, which is less easily moved, remains. 

Secondly, the next sample station is at 38.5 km from the coast, 9.5 km downstream ofLynn Stream and 13.5 

km downstream of the station in question. Carson (1984a) states that the material introduced to the river by 

Lynn Stream has a median diameter of dso = 20 mm, while the adjacent outwash terraces have dso = 25 mm. 

Because the river entrains sediment from adjacent terraces and tributaries as it travels downstream, the 

addition of this finer grained sediment will progressively lower the mean grain-size. 

Measurements made by the author of the surface material along Intake Bend, approximately 60 km from the 

coast, returned a median grain-size of dso = 500 mm. The significantly larger grain-size in this location 

supports the additional grain-size reduction mechanism proposed above. 

Downstream grain-size variations on the rivers studied by Browne & Leckie (1995) are thus not directly 

comparable because of the influence of bed armouring and gravel acquisition from channel banks and 

tributaries on median grain-size. These factors are dependent on river location, river channel pattern, channel 
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slope and degree of entrenchment which are in tum related to the historic sediment supply regime (effects of 

glacial activity). 

The large grain-size at 17 km from the coast is more difficult to explain. This sampling station is located 2.5 

km below State Highway I (SH I). It is possible that engineering works associated with river training in the 

region between the confluence of the South Branch and SHI could be at least partially responsible for this 

anomaly. However, as can be seen from Figure 2-19, the sampling location also coincides with one of the 

"steps" in the river bed profile mentioned previously. This "step", whether it be due to the episodic erosion 

analogy or due to the sediment translation waves proposed by Griffiths (1993), may in some way be 

associated with the anomalously coarser grain~size. 

2.3.8 Planform Channel Patterns 

As has been mentioned previously, the upper valley of the Rangitata River displays a well developed braided 

pattern (Zone I). This pattern follows the traditional concept of a braided river, being formed in a wide 

unvegetated flood plain characterised by highly. branched channels separated by gravel bars. The 

environment in which this channel pattern is formed is one of relatively low slope and (inferred) high rate of 

aggradation. 

The lowest portion of the upper valley (immediately upstream of the gorge) shows a quite well defined 

meandering pattern superimposed on the generally braided form (Figure 2-20). This may be attributed to 

imposed narrowing of the channel by the surrounding hills and perhaps also to a slight downstream 

steepening of the profile as it approaches the gorge. 

Immediately downstream of the Rangitata Gorge the river shows a well developed meandering form as it 

flows through the deeply incised upper Plains region (Zone 2:1). The presence of the meandering form in this 

location has been attributed to the fact that this reach of the river is under-supplied with sediment, deeply 

incised and severely laterally constrained by high outwash terraces. 

The meander asymmetry of the Rangitata River in this section displays premature inflection so that the 

meander pattern is dominated by concave down valley reaches (Figure 2-20). Such premature inflection has 

been inferred to produce up-valley migration of the meander form over time (Carson, 1984a). However, from 

inspection of aerial photographs between 1962 and 1996 there appears to be no evidence of this occurring 

within the Klondyke reach of the Rangitata River (Drawing no. 12). Various other aspects of channel pattern 

characteristic of this reach of the river include over-widened bends, braided point bars and smaller 

wavelength (low flow) meander forms within the overall meander pattern. 

Between the exit of the gorge, where the river is meandering, to the confluence of Lynn Stream where the 

river exhibits a "braided" character, the river evolves through a continuum of river pattern. This gradual 

transition is attributed to a downstream increasing supply of bed calibre material from the river bed and banks 
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and a decreasing degree of lateral confinement. The situation existing within this reach of the river is shown 

schematically in Figure 2-21 s. The position of the upper end of the reach is fixed by bounding bedrock 

immediately upstream of the RDR intake weir at Intake Bend. Downstream of this point the river 

progressively develops its meandering form. Peak meander amplitude occurs in the vicinity of Klondyke 

Bend, downstream of which meander amplitude gradually decreases. Increasing downstream suppression of 

the meandering form is caused by increasing supply of sediment to the channel, predominantly acquired from 

the channel banks. Associated with the decreasing meandering pattern is an increasing "braided" character. 

At the confluence of Lynn Stream the river apparently abruptly converts to a fully "braided': form (Zone 2:II). 

This abrupt transition has been attributed (by several authors including Schumm, 1979 and Carson, 1984a) to 

the presence of the Lynn Stream alluvial fan deflecting the river onto a high Late Pleistocene outwash terrace 

on its left bank. This apparently provides the river with sufficient bed calibre material to initiate "braiding" 

(which would have eventually begun further downstream if Lynn Stream did not exist). 

The transition in channel pattern in the vicinity of Lynn Stream is not as well defined or as mechanistically 

simple as has been suggested by other authors. Figure 2-18 clearly shows a raised bed profile at Lynn 

Stream, indicating aggradation associated with its alluvial fan. The slight flattening of the river profile caused 

by this fan may be a factor contributing to initiation of the braided character in the vicinity of the confluence. 

Further, the high input of relatively fine sediment (dso = 20 mm) from Lynn Stream would enhance acquisition 

of bed-calibre material by the channel, thus assisting the transition of channel pattern. Analysis of numerous 

aerial photographs has shown that initiation of the "braided" character does not always start immediately 

downstream of Lynn Stream, but that often it is displayed a short distance upstream of this site. This is 

possibly indicative of the channel being at the threshold of pattern change before reaching Lynn Stream and 

may also be due to the lower channel slope and aggradation immediately upstream. Further, it should be 

noted that an apparent abruptness in the change of channel pattern is always ensured given that there is no 

middle ground between the channel being either single or multiple thread. 

The "braided" pattern downstream of the Lynn confluence is different to the well developed one displayed in 

the upper reaches of the river; the pattern in the lower reaches being characterised by mUltiple channels 

separated by well defined and often vegetated bars. This particular type of planform has been described by 

Carson (1984a) as "Wandering Type II". 

The reason for this particular form of braiding, compared to that displayed in the upper valley, is probably 

due to the steeper profile of this part of the river and perhaps also to the greater degree of lateral confinement. 

It may also be due to long term degradation of the channel (compared to the long term aggradation being 

experienced in the upper valley). This braided pattern is maintained to the coast from bed calibre material 

being continually supplied to the river from erosion of the river bed and banks, downstream attenuation of 

j It should be noted that due to the nature of this diagram no attempt was made to accurately show the correct relative 

meander amplitude or wavelength or to indicate the characteristic premature inflection phenomenon or the associated 

dominance of concave down-valley reaches. 
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flow hydrographs and loss of water to the floodplain and groundwater system. The preservation of this 

particular type of braided pattern to the coast may be an indication that long term degradation is occurring 

along the entire Plains reach of the Rangitata River. 

In the braided section of the river below Peel Forest (Zone 2:11) a "twisted ribbon" type of effect seems to be 

present in the planform of the braided pattern (Figure 2-20). This effect could be due to the presence of 

"sediment waves" altering the local longitudinal profile of the channel (Figure 2-19) and/or may simply be a 

characteristic of a laterally confined multiple thread channel. 

2.3.9 Conclusions 

The Rangitata River is, and has been, controlled by a myriad of factors which interact over different time 

scales in an exceedingly complex manner. 

Major factors controlling the form of the Rangitata River (all of which are interrelated) have been climate 

changes, glacial sequences, sea level fluctuations, coastal erosion (in tum dictated by coastal currents), and 

tectonism. It appears that the major factor affecting development of the Rangitata River has been sediment 

supply from upstream due to tectonic uplift, climate changes and glacial activity. Sea level fluctuations and 

coastal erosion have played a lesser part. 
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2.4. RDR ABSTRACTION & RIVER BED AGGRADATION 

2.4.1 Introduction 

The purpose of this part of the investigation was to investigate the proposition that abstraction of water from 

the Rangitata River at Intake Bend has initiated aggradation of the river bed downstream of the RDR intake 

and hence exacerbated erosion of the true left river bank. 

Bedload transport capacity equations were used to quantifY the decrease in sediment transport resulting from 

RDR abstraction in an attempt to estimate the effect on bed levels downstream. Four separate bedload 

transport capacity equations were used in order to give a range of predicted transport rates and to allow a 

comparison of the appropriateness of the individual equations to the reach considered. The equations used 

were those of Bagnold (1980), Einstein-Brown (1950), Schoklitsch (1962) and Smart (1984). These 

equations were chosen because of their reputed success with various New Zealand gravel-bed rivers. 

2.4.2 Bedload Transport Capacity EguatiOris 
. . 

2.4.2.1 General 

When using bedload transport equations for rivers it should be noted that each equation is calibrated for a 

certain range of conditions (whether specifically stated or not) and that each is based on flume data and/or 

field measurements which are subject to some uncertainty. Most theoretical developments and flume studies 

are based on uniform sediment size in single straight channels of regular cross-section and under steady 

uniform flow. However, this situation differs considerably from that in a natural river. It should also be 

noted that bedload transport equations calculate a river's capacity to carry sediment (based on unlimited 

supply); the actual amount of sediment transported will depend on the availability of material. Further, 

Carson & Griffiths (1987) note that there appears to be no simple relationship between instantaneous gravel 

transport rates and channel flow parameters. The above factors contribute to considerable scatter in the 

accurate prediction of bedload transport by theoretical and/or empirical equations. 

Several authors suggest that the most accurate application of bedload transport formulae results from the use 

of local flow (and sediment) parameters integrated over the cross-section as this accounts for some of the 

spatial variability in natural river channels. However, the accuracy of the result is still subject to the 

performance, and applicability to the reach concerned, of the equation used. 

2.4.2.2 Equation Manipulation 

Each of the four bedload equations mentioned above has been transformed so that it evaluates dry mass 

transport rate (h) based on volumetric water discharge (Q). This transformation was made to facilitate 
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incorporation with the Rangitata River flow duration curve so that changes in sediment transport resulting 

from flow abstractions could be estimated. The common form also allows graphical comparison of results 

generated by the equations. 

General assumptions made during rearrangement of the formulae are that channel width (8), water surface 

slope (S), and Manning's resistance factor (n) do not vary with discharge (Q). The wide channel 

approximation (ie. R"" D where 8> l5D) has also been made. While these assumptions are appropriate for 

the Rangitata River at Intake Bend (and necessary for the following analysis) they may not be as appropriate 

for other river reaches. However, further simplifications could be made if, for example, in the braided reach 

above the gorge the assumption was made that flow depth did not vary appreciably with discharge (Davies, 

1988). 

The original form of each of the bedload equations and their transformed versions are given in the following 

sections. The transformed equations have been formatted so that items within curly braces are constants for 

an assumed sediment density (p, = 2.65x103 kgm"3). Items grouped within square braces are constant for a 

particular river reach, given the assumptions made above. 

All symbols used in the following sections have been defined at the beginning of this dissertation. 

2.4.2.3 Bagnold (1980) 

The Bagnold (1980) bedload transport equation is a theoretical/empirical equation based on excess specific 

stream power (m - mJ. The equation was calibrated with data from sand as well as gravel bed rivers. 

However, Carson & Griffiths (1987) consider thatthese rivers are not comparable to those of the Canterbury 

Plains, and quote cases of significant over-prediction of transport rates related to under-prediction of critical 

stream power (mJ. Gomez & Church (1989), on the other hand, from an assessment of bedload equations for 

gravel-bed rivers, concluded that a stream power equation should be used when hydraulic data is limited. 

Davies (1993) states that the equation works well for total parameters in a laboratory-scale braided river. 

Davies (1993) also states that the equation significantly under-predicts transport using mean flow parameters, 

but that much better results are achieved if local parameters are integrated across the width of the river. 

Bathurst et al (1987) state that the equation has been applied with some success to a wide range of flows 

including steep slopes and coarse bed sediments. 

Carson & Griffiths (1987) indicate several potential problems with the Bagnold (1980) equation. Firstly they 

note that it is uncertain whether dso used in the equation refers to the surface or subsurface material. They 

state that the derivation of m > me is based on the surface layer, and suggest that dso' be used in the formula for 

({O - mJ while restricted to flow conditions for which m> me based on dso. Secondly Carson & Griffiths 

(1987) note that the use of stream power (m = rv) inherently combines the difficulties of both the shear stress 

and velocity approaches: 
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I) Because near bed velocity in channels with the same mean velocity varies with flow depth, some index in 

the sediment transport equation is needed to represent this. 

2) Total shear stress ( ,) in the sediment transport equation would be better represented by grain shear stress 

(')/ as it is this component which affects sediment transport rates. 

Carson & Griffiths (1987) illustrate a method of estimating grain stress ('l) by using the Strickler coefficient 

(n,,) (for plane beds) in place of Manning's n. The Strickler equation is defined as: 

(2-1) 

The factor n" given by the above equation was used in place of Manning's n in the calculation of tractive 

stress for all the equations considered. 

Although Bagnold (1980) offered an equation· to calculate OJe based on values of Ef and roughness length 

controlled by particle size only (not form resistance), the same care was not taken in defining OJ and therefore 

(OJ - OJJ as a total. However,. in order to provide a common basis for comparison of the equations considered 
. . 

here, a value of Qe (ie. the equivalent of OJe in the transformed version of the Bagnold equation) was 

calculated independently and used throughout this analysis (Section 2.4.3). 

The original form of the Bagnold (1980) equation is: 

1.,. OJ-OJe D d50 . [ ]3/2 ( ) -2/3 ( ) -1/2 

i,. = (OJ-OJJ. D. dw 

Where (reference values) is. = 0.1 kgm-ls- l 

D.= 0.1 m 
dso• = 1.1 X 10-3 m 
(m-we). = 0.5 kgm-ls- l 

The transformed version of the equation is: 

(2-2a) 

(2-2b) 

6 Mean total tractive stress acting on the channel boundary is the sum of up to three components (, = ') + '2 + (3)' 

Respectively these components are the resistance to flow offered by individual grains, form resistance from 

irregularities in channel geometry and drag resulting from saltating grains (Carson & Griffiths, 1987). 
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2.4.2.4 Einstein-Brown (1950) 

The Einstein-Brown (1950) bedload transport equation has a theoretical/statistical basis and has frequently 

been used in New Zealand. Errors in the literature referring to this are due to the Brown (1950) translation in 

which the specific gravity of sediment (0,) appears in the numerator of the equation (this term should not be 

present). The equation needs to be used in terms of grain shear stress (l't) not total stress (l') (Carson & 

Griffiths, 1987). 

The Einstein-Brown (1950) equation has a validity limit (Mf > 0.1) which may make it inapplicable to 

gravel-bed rivers of the Canterbury Plains, which only seldom exceed the threshold of movement (Ef = 

0.056). This restriction has frequently been ignored in past applications of the equation and will result in an 

unknown degree of over-estimation of gravel discharges for Mf < 0.1 (Carson & Griffiths, 1987). 

The original form of the Einstein-Brown (1950) equation is: 

(2-3a) 

The transformed version of the equation is: 

[ 
Bd5/) 1 5/) 50 

Q> {O.l(G,-l)} 7/6 

nl'S 
(2-3b) 

2.4.2.5 Schoklitsch (1962) 

The Schoklitsch (1962) bedload transport equation was developed as an empirical equation for engineering 

use rather than as a theoretical equation. The equation does not involve depth or shear stress explicitly. 

Calibration of the equation was based on data from sand and gravel-bed flumes and natural channels. The 

equation was applied originally by Schoklitsch to rivers with coarse sediments (Young & Davies, 1990). 

The original form of the Schoklitsch (1962) equation is: 

(2-4a) 

The transformed version of the equation is: 

(2-4b) 
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2.4.2.6 Smart (1984) 

The Smart (1984) bedload transport equation is based on an extension of the Meyer-Peter MUller equation to 

channels of greater slope. The equation is entirely based on flume experiments with non-uniform sediments 

of various densities. This new equation not only gives more satisfactory results for steeper slopes but it also 

performs better than the Meyer-Peter MUlier equation for the lower slopes (Smart, 1984). The equation is 

restricted to slopes 0.04% < S < 20% and to grain-size distribution ratios (d9ofd30) :s; 8.5. 

The original form of the Smart (1984) equation is: 

P=4[(d90)I/SS3/SCMI/2(M -E )] 
d f f f 

30 

0.04% < S < 20% (2-5a) 

The transformed version of the equation is: 

0.04% < S < 20% (2-5b) 

2.4.3 Application to the Rangitata River 

Three of the four bedload transport equations require knowledge of the threshold volumetric water discharge 

(QJ. This quantity has been calculated for each case considered using a transformation of the well known 

Shields entrainment function: 

-

Er =0.056=~ ~ 
. p."gd [ 

Bd5/3] 5/3 50 
Qc = {O.056( Gs -I)} 7/6 

np S 
(2-6) 

The Strickler coefficient (np) in all the above equations is calculated using the median grain diameter (dso) of 

the bed material in the reach of concern. This is not necessarily the same as the median diameter of the 

sediment in transport. In the case of Intake Bend the median grain diameter which predominantly defines the 

hydraulic depth of the reach (and therefore the shear stress exerted on the grains of the channel boundary) is 

that of the bed surface layer (dso' = 0.50 m) not that of the material being transported through (dso = 0.02 m). 

The results of numerical modeling (Chapter 4) suggests a Manning's roughness coefficient for the Intake 

Bend reach of n = 0.048. The value of the Strickler coefficient given from the median grain-size of the 

surface layer at Intake Bend (dso' = 0.50 m) is np = 0,043. The value of the Strickler coefficient for the reach 

above the gorge was calculated from the median grain-size reported in that reach by Carson (l984a) (dso' = 
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0.020 m) as n" = 0.025. Surface sediment analyses carried out during the investigation provided data on the 

grain-size distribution at Intake Bend (Section 2.2.3). Using these data the grain-size parameters upstream of 

the gorge were estimated. 

Table 2-2 below provides a summary of data used in the bedload transport analysis which follows. 

TABLE 2-2: Data for sediment transport analysis. 

Common Data 
d30 dso d90 p~. QRDR 
[m] [m] [m] [kgm-3

] [m3s- l
] 

0.009 0.020 0.060 2.65x1O' 30.7 

Reach Specific n'l S B Qc Mf > 0.1 =:> Q> 
Data [null] [%] [m] [m3s- l

] [m3s- l
] 

Intake Bend 0.043 0.48% 112 37 97 

Above Gorge 0.025 0.25% 150 181 477 

Using the data provided in Table 2-2 the four bedload transport capacity equations considered reduce t07
: 

Bagnold (1980): 

Einstein-Brown (1950): 

Schokl itsch (1962): 

Smart (1984): 

Ih(lB) = 29.5 X 10-3 Q9/S 

Ih(AU) = 2.23 x 10-3 Q9/S 

Ih(lB) = 0.831 (Q - QJ 
Ih(AU) = 0.313 (Q- QJ 

I = 183 Q2/S(QJ/s _ QJ/S) 
h(lB) '. c 

I . = 0645 Q2/S(Q3/S _ Q3/S) 
h(A(,) • c 

7 Subscripts (18) & (AG) refer to values at Intake Bend and Above Gorge respectively. 

(2-7a) 

(2-7b) 

(2-8a) . 

(2-8b) 

(2-9a) 

(2-9b) 

(2-lOa) 

(2-lOb) 
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2.4.4 Sediment Transport Analysis 

In order to quantity the effect of RDR abstraction on bedload transport it is required to know the average 

period of time the river is at a particular discharge. This information is usually presented in the form of a 

flow duration curve; a plot of the percentage of time a particular flow is equalled or exceeded. 

A flow duration curve for the Rangitata River at Klondyke was extracted from the Canterbury Regional 

Council (CRC) T1DEDA database (Figure 2-22). Data available for this analysis consisted of 15 minute 

interval flow data spanning the period 13 August 1979 to 10 January 1996 and ranging in magnitude from 

30.9 m3s-1 to 3,574 m3s- l
• 

Several conspicuous spikes occur in the flow duration curve at discharges above approximately 800 m3s- l
. 

These apparent anomalies are a consequence of the finite period of flow data rather than any characteristic of 

the river catchment. 

In the following sediment transport analysis it is required to know the average period of time the river is at 

particular, equally spaced, discharges. TIDEDAunfortunately provides no simple and accurate way of 

extracting data in this form. In order to simplity the matter it was decided to approximate the flow duration 

curve using explicit equations. Two 51h order polynomials were regression fitted to the log-log transformed 

data, the result of which is superimposed on the TIDEDA calculated data in Figure 2-22. The fitted curves 

appear to approximate the data particularly well. The regression coefficient of the fitted curve for discharges 

less than 366 m\-I is R2 = 0.999, while for the curve covering discharges in excess of this value the 

coefficient is R2 = 0.996. 

Advantages of this method are: 

1) The smoothed flow duration representation allows easier graphical interpretation of the resulting 

sediment discharge data. 

2) It also allows the simple selection and adjustment of any particular discharge interval during the analysis. 

3) It provides an unbiased method of removing spikes in the flow duration curve which would not be 

present given a longer discharge record. 

4) It allows some extrapolation to higher discharges. However, it does not necessarily give an accurate 

representation of the recurrence of discharges which are beyond the analysed data range. This will 

depend on their relation to the lower data and the extremeness of the event requiring extrapolation. 

The analysis was performed at 10 mJs- 1 intervals for discharges spanning the range 30 to 3,500 m3s-1 (Tr ~ 66 

yr). Using the regression equations the approximate average percentage of time each discharge was equalled 

or exceeded was calculated. The average frequency of exceedance of the upper discharge boundary was 

calculated to be 6 minutes per year, and thus the analysis was considered to accurately represent the entire 

range of river flows. The difference between the percentage exceedance of adjacent discharges gave the 
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percentage of time within that discharge range (ie. its frequency of occurrence). Bedload transport capacity at 

the mid point of each discharge range was calculated and multiplied its corresponding frequency of 

occurrence to give the average total mass of sediment transported in that flow range over the period of a year. 

Summing the results over the entire flow range gave the approximate average total bedload mass transported 

per year. This process was carried out for each of the four bedload transport capacity equations considered. 

For the Einstein-Brown (1950) equation two separate scenarios were considered. The first was the strict 

application of the equation to discharges where ~. > 0.1. The other scenario considered was extrapolation 

down to discharges equal to the threshold of motion defined by Shields (QJ as has commonly been performed 

in previous applications of the equation. This was done to assess the validity of the two approaches by 

comparison with the results of the other equations considered. 

It should be noted that it is the bed material which occurs immediately lJPstream of the gorge that is 

transported downstream through Intake Bend. Thus, in the sediment transport capacity equations it is the 

grain-size parameters of the material upstream of the gorge which has been used rather than those of the 

material found on the bed at Intake Bend. The reason for this discrepancy in sediment character is described 

elsewhere. 

Using all four equations the difference in sediment transport regime between the natural river situation and 

that with RDR abstraction was compared. The RDR abstracts water from the Rangitata River at a constant 

rate of 30.7 m3s- l
• While abstraction is limited at flows below 64 m3s-1

, the threshold for sediment transport is 

great enough for this to be of no consequence, so that for the purposes of this exercise RDR abstraction can 

be considered to be constant and at its maximum. It has been assumed that all bedload entering the RDR is 

deposited in a short reach immediately below the intake and periodically flushed back into the river by 

dragline, so that no net extraction of bed material occurs. 

Annual sediment transport vsflow curves for the natural river situation upstream of the gorge and at Intake 

Bend and that for the situation under RDR abstraction at Intake Bend are shown in Figure 2-23. Table 2-3 

lists summary data from this exercise. 

The method employed above is a variation of Davies' (1988) method of estimating the modification of 

bedload transport in rivers. The present method, of calculating "absolute" rather than arbitrary relative 

transport rates, has been used in order to give both a comparison of the output of the sediment transport 

equations and to get an idea of the actual sediment transport capacity of the two reaches-considered. Young 

& Davies (1990) use an improved version of the Davies (1988) method, however this method, like the .. 
previous one, was developed for use with braided rivers and involved assumptions invalid for the Intake Bend 

reach of the Rangitata River. The later improved method also generated relative rather than absolute results. 

It should be noted that although the calculation of "absolute" transport rates were desirable in the present 

case, estimation of relative changes is possibly more favourable given the uncertainty in the precision of 

sediment transport equations. 
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TABLE 2-3: Bedload transport capacity comparison. 

Bagnold (1980) Einstein-Brown (1950) Schoklitsch (1962) Smart (1984) 

Strict Extended 

Capacity above gorge [103 ta· l
] 42 138 277 124 183 

Proportion of estimated 
4% 13% 25% 11% 17% suspended sediment load' [%] 

Intake Bend capacity without 
559 5,056 6,179 1,738 2,910 RDR abstraction [103 ta- I

] 

Intake Bend capacity with 
365 3,718 4,364 1,104 1,873 RDR abstraction [103 ta- I

] 

Capacity reduction [%] 35% 26% 29% 36% 36% 

Intake Bend excess capacity 
8.69 26.9 15.8 8.90 10.2 factor under abstraction t 

Factor of safety against 
6.38 13.2 13.2 5.61 6.94 deposition without abstraction! 

Factor of safety against 
5.60 12.0 11.5 4.98 6.12 deposition under abstraction! 

Factor of safety reduction 12% 9% 13% 11% 12% 

Notes: ' 1.092x I 06 ta- I (Stoker, 1988). 

t Based on the total annual difference in transport capacity over the entire river discharge regime. 

t Based on the total annual difference in transport capacity for discharges greater than the critical discharge 
upstream of the gorge. 

2.4.5 Validation-Data 

Without validation data is difficult to estimate which of the sediment transport equations used above most 

accurately predicts bedload transport in the reach of the Rangitata River considered. However, Stoker (1988) 

used a suspended sediment rating curve for the Rangitata River (Appendix IV) along with the river flow 

duration curve to estimate the mean annual suspended sediment load (1.092x 1 06 ta- I
). Stoker (1988) quoted 

that the bedload of rivers is between 5% and 20% of the suspended sediment load, and used a 10% figure to 

calculate bedload transport in the river (and more specifically in the RDR itself). Stoker found that volumes 

of bedload estimated to enter the RDR by this method agreed quite closely with volumes of sediment 

deposited in the RDR immediately downstream of its intake; seeming to indicate the validity of this approach. 

Griffiths (1991) quotes Maddock from Vanoni (1977, p. 348) that bedload discharge for the Waimakariri 

River will be 2%-8% of suspended sediment discharge. This overlaps the range of 5%-20% quoted by Stoker 

(1988) and extends the possible bedload range to 2%-20% of the suspended load. 

Other authors (eg. Gibb & Adams, 1982) quote annual suspended sediment and bedload transport rates for 

the Rangitata River. However, these are generally inapplicable due to their referral to transport rates at the 

coast. Actual transport rates at Intake Bend are likely to be different because of the upstream control on 
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sediment supply and because at the coast the river will have reached its capacity based on the slope in the 

Plains region by acquiring material ITom the river bed and banks. 

2.4.6 Results 

From the first row of Table 2-3 it can be seen that predicted bedload transport capacity above the gorge 

ranges from 42x 103 ta· 1 for the Bagnold (l980) equation to 277x 103 ta- I for the extended Einstein-Brown 

(1950) equation. The second row of this table shows the percentage of the Stoker (1988) calculated 

suspended load that each value represents. It can be seen that the Schoklitsch (1962) equation provides the 

best fit to the Stoker (1988) data, returning a value of 11 %. The strict application of the Einstein-Brown 

(l950) equation and the Smart (l984) equation return the next most favourable results, 13% and 17% 

respectively. The extended Einstein-Brown (1950) equation appears, ITom this data, to over-predict the 

bedload transport capacity of the reach above the gorge. The extended version predicts transport rates twice 

that given by its strict application, and given the relatively close fit of the latter to the Stoker (1988) data, 

seems to suggest extension of the equation beyond its stated limits is invalid. 

The relevance of the sedimenttransport capacity of the reach above the gorge to the Stoker (l988) data is as 

follows. Because the Rangitata River above the gorge represents a true alluvial river reach it can be 

considered to be transporting bedload at full capacity. Given that within the steep, narrow Rangitata Gorge 

there are no significant sediment supply or depositional sites, any and only bed material entering the gorge 

will be transported through. Thus, the sediment transport capacity of the reach above the gorge relates 

directly to measurements made by Stoker (1988) at the recorder site at the downstream end of the gorge, just 

upstream of Intake Bend. 

The Bagnold (\ 980) equation predicts an annual transport rate significantly lower that the other equations. 

Although only 4% of suspended load, this value is still above the 2% lower limit quoted by Griffiths (1991) 

and close to the 5% lower limit stated by Stoker (\ 988). However, it is still significantly lower than the 10% 

figure which appears to fit Stoker's calibration data. It would seem that in this case the Bagnold (1980) 

equation doesn't over-predict sediment transport rates as suggested by Carson & Griffiths (1987). However, 

Davies' (1993) comment on the under-prediction of transport rates from the use of channel mean parameters 

appears to apply. This could probably be improved, as suggested by Davies (1993), by the use of local 

channel parameters integrated over the cross-section. However, the data required for such an approach were 

unavailable at the time of this analysis. 

The next three rows of Table 2-3 show bedload transport capacity at Intake Bend under its natural flow 

regime and also under RDR abstraction. The resulting percentage reduction in transport capacity is also 

shown for each of the four transport equations. The calculated reduction in transport capacity ranges ITom 

26% for the strictly applied Einstein-Brown (1950) equation to 36% for both the Schoklitsch (1962) and 

Smart (1984) equations. The Bagnold (1980) equation predicts a 35% decrease which, being so close to the 
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Schoklitsch (1962) and Smart (1984) estimates, seems to indicate a value of approximately 36% as being 

correct. 

The fourth to last row of Table 2-3 shows the ratio of annual bedload transport capacity at Intake Bend (under 

the RDR extraction regime) to that of the reach above the gorge. Excluding, for the moment, the results of 

the Einstein-Brown (1950) equation, the calculated ratio ranges from 8.7 for the Bagnold (1980) equation to 

10.2 for the Smart (1984) equation. This ratio indicates that the total annual transport capacity at Intake Bend 

under RDR abstraction is approximately 9 to 10 times greater than that of the reach upstream of the gorge. 

The Einstein-Brown (1950) equation gives apparent anomalous results for the two application scenarios 

considered. In its strict application the Einstein-Brown (1950) equation gives an excess capacity factor of 

approximately 27. This value is much greater than that generated by the other equations and appears to be 

due to the higher dependence of the Einstein-Brown (1950) equation on B, Sand np (2-3b). Given the 

relatively close agreement with the other equations at the upstream site, this result seems to suggest the 

Einstein-Brown (1950) equation is inappl icable to the Intake Bend reach. Application of the extrapolated 

Einstein-Brown (1950) equation gives an excess capacity factor of approximately 15.8. This smaller 

difference, compared to the strict application, is brought about by consideration of the greater flow range. 

The third and second to last rows of Table 2-3 show the factor of safety against deposition in the Intake Bend 

reach under the natural river flow regime and that under RDR abstraction respectively. This factor is 

calculated as the ratio of the transport capacity at Intake Bend to that above the gorge, but only for flows 

where transport of sediment has been initiated in the upstream reach. Ignoring the results of the Einstein

Brown (1950) equation, the factor of safety against deposition under the RDR extraction is approximately 5. 

The last row of Table 2-3 shows the percentage reduction in the factor of safety against deposition resulting 

from the imposition of RDR extraction. Again ignoring the Einstein-Brown (1950) results, this reduction is 

approximately 11 %. 

2.4.7 Discussion 

The last set of information above clearly shows that little reduction in sediment transport capacity through the 

Intake Bend reach is caused by RDR water abstraction. However, given that the transport capacity through 

the Intake Bend reach is well in excess (by a factor of 5) of the material being supplied from upstream even 

under RDR abstraction, the fact that transport is slightly reduced is inconsequential. Further, given that at no 

time does transport capacity at the upstream site exceed that at Intake Bend, any material entering the Intake 

Bend reach, at any discharge, will be transported through. 

This has an important implication for the effect of RDR abstraction. The fact that abstraction of water 

reduces the sediment transport capacity of the river below the RDR intake means that the sediment deficit of 

the flow below this point is also lower. This means that to reach transport capacity the river needs to entrain 
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less material, implying less bank erosion. Thus, it seems likely that abstraction of water by the RDR is acting 

to reduce bank erosion in the reach downstream, not increasing erosion as was initially proposed. 

The above proposition is not immediately reconciled with the observation of deposition of fine-grained 

(compared to the bulk of surface material in the Intake Bend reach) upstream of the RDR intake weir and 

along an area at the base of the left bank just downstream of the weir. However, these can be explained by 

the effect of local depositional environments. Upstream of the weir, at lower discharges, a backwater effect is 

created which flattens the water surface slope. At the same time the river becomes effectively much wider 

because water flows at right angles across the long oblique weir, rather than parallel to the channel centreline 

as it does at higher flows. Both these factors have the effect of greatly reducing the local transport capacity 

and so sediment is deposited. Similarly, at lower flows, the lee effect and shallower flow depths caused by 

the collection of large boulders downstream of the weir on the true left side of the channel creates a local 

depositional environment. The scale of these local effects is obviously great enough to overcome the much 

higher transport capacity of the channel as a whole. 

The discrepancy between bedload transport capacities above and below the gorge would seem to indicate a 

tendency toward ongoing channel entrenchment at the downstream site. Further, due to the inherently lower 

critical discharge within the downstream reach and because of the much greater disparity in transport capacity 

at lower discharges (Figure 2-23) it would seem that the greatest movement of material would occur at low to 

moderate discharges. However, due to the extreme time period over which this has been occurring the 

channel bed below the gorge has become heavily armoured with large bed material. Given the presence of 

this heavy bed armouring, further channel degradation is unlikely to occur except under extreme river 

discharges. 

The apparently wider channel along the Intake Bend reach could be explained by preferential erosion of the 

channel banks due to armouring of the channel. The presence of finer grained sediment in the channel banks . 

from Holocene depositional events would assist this process. Possible weakening of this natural terrace 

structure during reworking associated with construction of the RDR canal may have also accelerated bank 

erosion in this area. Schumm (1977), however, notes the tendency for rivers to adjust their planform pattern 

in preference to significant down-cutting due to the greater ease with which such lateral changes can occur. 

The combination of progressive enhancement of channel armouring during entrenchment and a preference for 

adjustment of river planform pattern may suggest a trend of greater lateral channel movement in more recent 

times. However, this trend will be offset to some extent due to the increasing lateral confinement experienced 

during progressive down-cutting. 

It should be borne in mind that a small change in the estimation of critical discharge (Qc) will make a large 

difference in the calculation of annual sediment transport capacity. Similarly, a significant effect on the 

difference in annual sediment capacity between the modified and natural flow regimes will result because of 

the high percentage of time river flows occur within the region of the critical discharge. However, as is 

indicated by Table 2-3, significant differences in the calculation of absolute transport rates between equations, 

or between variations in the application of an equation, generally result in similar relative differences between 
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reaches and between abstraction regimes. This fact seems to indicate that, although the calculated absolute 

transport rates may not be exact, the relative change in capacity between reaches and flow regimes is likely to 

be accurate. 

A factor not directly considered in the above analysis is the effect of bed material attrition in transport 

through the steep and narrow bedrock gorge. The degree of this attrition is not known, but some indication 

may be provided by the size of material deposited immediately upstream of the RDR intake weir (d50 = 6.5 

mm) compared to that immediately upstream of the gorge (d50• = 20 mm). It should be noted that the local 

depositional environment upstream of the weir may have a tendency to deposit fine sediment during low river 

flows and further that the median particle size at this site refers to a bulk sample whereas at the upstream site 

it refers to the surface (armour) layer. Regardless, the net result will be that the transport capacity of the 

downstream reach will be increased, indicating the factor of safety against deposition calculated above will be 

conservative. 

The analysis of the effect of water abstraction on sediment transport capacity is not as clear-cut in practice as 

has been stated above. It has been assumed above that all bedload entering the RDR is reintroduced to the 

river so that there is no net abstraction of sediment. However, this is not strictly the case because a significant 

amount of material is spread over the RDR embankment and some is carted away. Also, that material which 

is introduced back into the river is only done so on an intermittent basis such that there will be a significant 

temporal variation in the amount of material available to the river. 

Further, because the river will take some distance to acquire sufficient material to reach transport capacity a 

reduction in capacity from abstraction will make little difference in the reach immediately downstream of the 

abstraction point. However, although the greatest difference in capacity occurs at lower flows the effect of 

this on bank erosion will be small because river will not be at a high enough stage to significantly affect the 

exposed banks. 

The net effect of the above analysis is that while RDR abstraction will not cause aggradation and enhanced 

bank erosion downstream, it will also not necessarily have any significant influence on decreasing the 

tendency for bank erosion. 

Errors in estimation of sediment and hydraulic parameters in the crucial river reach above the gorge may lead 

to significant errors in the results of the analysis. However, given the high degree of matching with the 

validation data supplied by Stoker (1988) it appears that the estimates made have been of the correct 

magnitude. Thus, it can be assumed, with some confidence, that the results of the above analysis are 

indicative ofthe situation existing at Intake Bend. 
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2.4.8 Further Analysis 

In the sediment transport analysis above the critical discharge for initiation of sediment transport at Intake 

Bend was calculated from the Shields entrainment function. However, using the critical shear stress equation 

of Andrews presented by Carson & Griffiths (1987) gives a critical discharge approximately half that of the 

Shields approach. The Andrews' approach therefore provides a more conservative estimate of the initiation 

of sediment transport (erosion). 

The Andrews critical shear stress equation is: 

Rearranging the equation to give critical discharge: 

Where: d50 = 0.50 m 
B = 112 m 
n = 0.048 
S=0.60% 

d[mm] (2-lla) 

(2-llb) 

The value of bed slope (S) quoted above has been revised since undertaking the sediment transport analysis 

presented above. The new value of S = 0.60% has been given from measurement of the peak water surface 

profile measured following the 2,168 cumec flood of 13 December 1995. Using the above values, the critical 

discharge for the initiation of bed material movement at Intake Bend is approximately Qc = 2,800 m3s- 1 (Tr ~ 

20 yr). This is consistent with observations of there being no significant bed material redistribution following 

the 2,168 cumec flood of 13 December 1995 (Tr ~ 8 yr). A comment made by Speight (1941) that large 

boulders on the river bed near the RDR intake did not move during the 2,490 cumec flood of 29 February 

1940 (Tr ~ 12.6 yr) also supports this critical discharge estimate. Further, Browne & Leckie (1995) state that 

from colouration differences between the stoss and lee sides of boulders greater than 0.5 m in diameter that 

these boulders appear to have remained in their present orientation for approximately 50 years. 

The results of the bedload transport analysis performed in the previous sections indicate that the transport 

capacity at Intake Bend is far in excess of the amount of material able to be supplied, such that all sediment 

entering the reach will be transported through under all flow regimes. However, from the above calculations, 

initiation of bed material transport at Intake Bend does not occur until discharges with return periods in 

excess of twenty years. This has happened only three times during the last 60 years; 1957, 1979 & 1994 

(Drawing no. 10). This information would suggest that at least the bed of the Intake Bend reach is 

morphologically stable for all but the most extreme (low probability) events. 
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2.4.9 Conclusions 

From the above analysis it appears that the Schoklitsch (1962) equation is the best predictor of bedload 

transport capacity in the area of Intake Bend. This is based on validation data supplied by Stoker (1988), 

which was in turn validated by measurement of accumulated bed material extracted from the RDR canal. 

The above analysis demonstrates that the Einstein-Brown (1950) equation should not be applied below the Mr 
> 0.1 limit stated in its derivation as this can result in a significant overestimation of transport capacity. 

Further, the Einstein-Brown (1950) equation appears inapplicable to the Intake Bend reach of the Rangitata 

River. 

RDR water abstraction reduces the factor of safety against deposition in the Intake Bend reach by 

approximately 11 %. However, even under RDR extraction, the bedload transport capacity below the RDR 

intake is approximately five times the rate of supply from upstream. Thus it can be concluded that RDR 

water abstraction has no significant impact on downstream bed levels or bank erosion. 

Further, analysis of the initiation of bed material movement along Intake Bend suggests that the river bed is 

morphologically stable for all but the most extreme discharge events (Qc > 2,800 m3s·1
; T, > 20 yr). 
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2.5. RECENT CHANNEL MORPHOLOGY AT INTAKE BEND 

2.5.1 General 

Analysis of morphology in the Klondyke reach was aided by 15 sets of vertical aerial photographs taken over 

a 34 year period between 1962 and 1996. Drawing no. 12 shows channel changes in the Klondyke reach over 

this period. This comparison was drawn by digitising the active channel extent shown on the aerial 

photographs of 17 March 1962 (SN 1446) and 25 March 1996 (DNRE 3). Annotations on Drawing no. 12 

show the bend numbering scheme adopted, the height of terraces above river level, features of interest, river 

bend embayments, areas of erosion and stabil isation, and tangents showing the general direction of individual 

bend development. 

A series of historical photographs were used to assist in the analysis of historic morphology of Intake Bend. 

A selection of these photographs, ordered in approximate decreasing time from present, are presented in 

Figure 2-24 to Figure 2-31. 

A number of historical surveys were also used to define changes in channel morphology at Intake Bend. Data 

from these surveys are presented in Drawin'gs no. 6 &13. 

A visual presentation of the timing of the various aerials, photographs, surveys, flood events and other general 

information relating to activities in the Klondyke reach of the Rangitata River are presented on the 

"Environmental Data Time-Line" of Drawing no. 10. Information relating to the various media is provided in 

the media schedule of Appendix V. 

2.5.2 Historical Surveys 

Drawing no. 13 shows surveys undertaken at Intake Bend in 1936 and 1941 and compares them against the 

1995 survey undertaken as part of the investigation. Both of the historical surveys were digitised from survey 

plans and overlaid using the irrigation investigation benchmark on the RDR intake as a common reference 

point. As noted in Section 2.2.2 the eastern extremities of the 1936 survey appear to have been estimated; 

hence the apparent mismatch with the later survey. However, the left channel bank (immediately adjacent to 

the survey traverse line) appears to have been accurately represented. 

The most striking difference between the 1936 and 1995 surveys is the much more prominent point bar on the 

true left bank at the downstream end of Intake Bend in the 1936 survey. This is apparently not a result of 

some artistic licence on the part of the surveyors as a leg of the survey traverse extends approximately half 

way out to the end of the point bar on its left bank. The prominence of the point bar around this time is also 

supported by an early photograph of the area shown in Figure 2-27. 
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From Drawing no. 13 it can be seen that the present RDR embankment / left river bank encroaches into the 

channel approximately 10-20 m further than prior to construction of the RDR in 1936. This may be a reason 

for erosion of the true right river bank immediately downstream of the intake. 

The presence of a gravel beach extending between cross-sections no. 15 & 17 indicated to be strewn with 

boulders on the 1936 survey plan gives support for the persistence of diagonal bars in the channel. These 

diagonal bars are indicated on later aerial photographs and are discussed in Chapter 5. The location of the 

diagonal bar which this beach suggests the presence of is offset to that indicated on the aerial photographs. 

However, in all the aerial photographs the locations of the gravel bars appear to be consistent (Figure 2-32 cf 

Figure 2-33). This would seem to indicate that construction of the oblique RDR intake weir, and/or 

constriction of the channel, has altered the location, if not also the angle and spacing, of these bar formations. 

Inspection of aerial photographs suggests that these bar formations control the planform morphology of the 

river channel, thus it can be inferred that changes made to the channel from construction of the RDR will have 

to some extent altered the morphological character of the river in this reach. 

The 1941 survey was considerably more comprehensive than the 1936 survey, and included the right channel 

bank along Intake Bend. The major information provided by this survey is related to the extent of RDR 

construction activities.. Figure 2-26 shows a photograph of the intake area downstream of the coffer dam 

around this period (c. 1940). 

It can be seen from Drawing no. 13 the coffer-dam used to construct the RDR intake structure involved the 

excavation and placement of a vast amount of material. The effect on the river bed during the placement and 

removal of this structure would have been considerable. The presence of the coffer-dam no doubt also caused 

severe erosion of the right bank terrace during flood events, especially the 2,490 cumec flood of29 February 

1940 (Figure 2-25). The effect on discharge readings at the water level recorder some 200 m upstream from 

the constriction imposed by the coffer-dam may have also been significant. 

The 1941 survey also shows the temporary irrigation intake between cross-sections no. 16 & 17 and the early 

alignment of the RDR canal in its vicinity. Apparently associated with canal excavation and construction of 

the temporary intake there was significant encroachment on channel between cross-sections no. 14 & 18. The 

1995 survey shows that the canal was realigned and moved some 50 m inland following construction of the 

intake section. 

The alignment of the left bank at cross-section no. 20 indicates the continued persistence of the prominent 

point bar at the bottom of Intake Bend at this time. This is supported by a circa 1940 photograph of the area 

shown in Figure 2-27. The loss of the prominent point bar at the bottom ofIntake Bend between the early 

surveys of 1936 and 1941 and the first aerial photography of 1962 would seem to be related to the frequent 

occurrence of large floods during this period, the most notable of which was the 3,460 cumec flood of 27 

December 1957 (Drawing no. 10). 
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The alignment of the left bank edge between cross-sections no. 11 & 14 and 18 & 20 would seem to indicate 

that relatively little lateral bank erosion has occurred at these sites over the 54 years between 1941 and 1995. 

However, this is not necessarily the case for two reasons. Firstly, the final post construction alignment of the 

RDR embankment is not shown. Secondly, because of the apparent bolstering of the bank edge with material 

excavated from the RDR canal; a practice which is discussed below. 

From Drawing no. 13 it appears that approximately 10m of lateral erosion has occurred along the right river 

bank terrace between cross-sections no. 8 & 12 over the period 1941 to 1995. Possible erosion indicated 

between cross-sections no. 3 & 7 in these surveys is inconclusive because the 1941 survey apparently 

considered only the higher terrace edge in this vicinity. However, on the right bank between cross-sections 

no. 18 & 19 it appears that approximately 18 m of lateral erosion of the low floodplain terrace has occurred, 

resulting in a more uniform width channel. 

2.5.3 Historical Photographs 

Figure 2-24 to Figure 2-31 are a selection of historical photographs of the Intake Bend reach ordered in 

approximate decreasing time from present. Figure 2-24 shows the RDR intake site prior to construction 

(bottom middle of picture) looking upstream toward the gorge (c. 1940). No significant erosion of the true 

right bank is visible except some localised slumping at the bottom left of the picture. This supports the 

proposition that recent erosion at this site has been caused by construction of the RDR. 

Figure 2-25 shows breaching of the RDR coffer-dam which is inferred to have occurred during the 2,490 

cumec flood of 29 February 1940. Flood stage appears to be similar to that experienced during the 2,170 

cumec flood of 13 December 1995. 

Figure 2-26 shows the RDR construction site downstream of the coffer-dam circa 1940. Major features of 

this site appear to be in accordance with the March 1941 survey. The only significant difference being that 

the RDR intake structure had not yet been floated up-canal into its final position. The photograph clearly 

shows the extent of construction works and the degree of encroachment into the river channel. 

Figure 2-27 shows construction works at the bottom end of Intake Bend circa 1940. This photograph is 

obviously later than the previous one due to the more extensive earth works shown at the site and the greater 

abundance of workers quarters. This photograph clearly indicates the extent of compacted fil! that was placed 

along at least the bottom end of Intake Bend. To the middle and top of the picture the tip of the prominent 

left bank point bar at the bottom of Intake Bend can be seen. Also shown in this region of the picture are the 

extensive talus slopes along the downstream face of the leftward curving river terrace (bend 2); indicating 

active erosion of this area. Also shown on this photograph is the right bank floodplain channel which appears 

to be noticeably less extensive than at present; supportive evidence for the prominence of the point bar. 
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Figure 2-28 shows the RDR intake site on 2 September 1951 looking upstream from the high left bank terrace 

just downstream of the RDR intake radial gate float house. The photograph appears to show an extreme low 

flow in the Rangitata River; the RDR canal appears, however, to be operating at capacity. An abundance of 

large boulders can be seen strewn over the entire river bed, but most dominantly along the base of the left 

river bank at the upstream end of the RDR canal embankment (centre of picture). A low diagonal bar can be 

seen extending from the middle left to the centre of the picture. This bar appears to be located in an identical 

position to that shown in later aerial photographs, indicating that the river by this time had adjusted to the 

imposed new geometry. The RDR intake weir appears to be present at the top of the picture; this is supported 

by the relatively high flow in the canal compared to that in the river. However, the weir does not appear to be 

as substantial as it is at present day. A dragline is shown working immediately downstream of the RDR radial 

gate and windrows of gravel excavated from the RDR canal are shown along the top of the RDR 

embankment. Track marks along the top of the embankment and deposits on the river bed downstream of the 

RDR embankment concrete revetment indicate that sediment excavated from the RDR was pushed toward the 

river and apparently used to bolster the embankment. Some minor erosion of the right bank terrace to the left 

of the picture is also evident. 

Figure 2-29 is an oblique aerial photograph of the RDR intake area looking downstream. The date of this 

photograph is not clear but itis possible from the extent of vegetation and the freshness of the erosion scarps 

on the left bank terrace that is was taken circa 1951. Clear evidence of the exact location and extent of the 

intake weir is not provided by this photograph. This is significant because the flow in the river at this time 

does not appear to be great (cf Figure 2-16). This would suggest that the intake weir was significantly lower 

than it is at present day. Perhaps the most interesting feature of this photograph however is evidence of 

extensive deposition of RDR excavated sediment along the entire left river bank downstream of the RDR 

radial gate. The most significant deposit occurs along a short distance downstream of the radial gate, where 

deposition in the race would undoubtedly have been the greatest. 

Figure 2-30 is a photograph of the intake reach of the RDR on 5 May 1954. Again this shows extensive 

bolstering of the RDR embankment using sediment excavated from the RDR canal. The predominance of the 

RDR intake weir is difficult to discern from this photograph. Again the diagonal bar is seen extending from 

the left to the centre of the picture in apparently the same location as previously. 

Figure 2-3 I shows the RDR intake area looking downstream from the left bank terrace above the RDR intake 

radial gate on 2 May 1962. Again this photograph shows extensive extraction of sediment from the RDR 

canal and bolstering of the river side of the RDR embankment. It is interesting to note the degree of 

embankment raising achieved by this practice; note the apparently lower embankment crest immediately 

downstream of the excavated area in the centre of the picture (this area has since been raised by subsequent 

works). 
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2.5.4 Aerial Photography 

Comparison of the 1962 and 1996 aerial photographs indicates that no significant erosion of the right bank 

upstream of the intake weir has taken place, but from the downstream side of the weir to cross-section no. 12 

erosion has been occurring (Figure 2-32 cf Figure 2-33). Measurements made from Drawing no. 12 indicate 

that the extent oflateral erosion experienced in this area between 1962 & 1996 is approximately 10-15 m. 

Measurements made from Drawing no. 12 indicate that between 1962 & 1996 10-15 m oflateral erosion has 

occurred over the majority of the left bank of the Intake Bend reach downstream of the concrete revetment at 

the head of the RDR canal. This left bank erosion appears to taper off to a negligible amount around cross

section no. 19, but with erosion extending both upstream and downstream of this site. 

Drawing no. 12 also illustrates gradual stabilisation of the right bank floodplain channel at the bottom of 

Intake Bend. This has undoubtedly been a result of the decreasing curvature of the channel and erosion of the 

downstream terrace reducing the back-water effect during flood events. 

It should be noted that apparent channel changes shown by Drawing no. 12 upstream of the RDR intake weir 

are erroneous. This due to the difficulty in accurately defining the channel edge on the aerial photographs 

within this steep-sided gorge region. Channel changes in this region are unlikely because of the presence of 

bounding bedrock. 

2.5.5 General Historic Morphology 

From inspection of Drawings no. 12 & 13 it can be seen that there has been a prog~essive eastward movement 

of the downstream end of Intake Bend over at least the last 60 years to produce a longer wavelength meander 

(or more simplistically, a straighter channel). Associated with this movement there has been a loss of a 

significant amount material from the downstream face of the terrace at bend 2, extension of the right bank 

flood channel, and a general downstream extension of the left bank point bar. 

The volume of erosion which occurred along the downstream face of the 57 m high terrace at bend 2 over the 

34 year period between 1962 and 1996 was estimated from Drawing no. 12 to be 850x 103 m3
• This equates 

to average erosion / sediment supply rate of 25x 103 m3yf l. It should be noted, however, that the short-term 

erosion rate is likely to vary considerably and also that the rate may progressively change as the channel 

morphology develops (Drawing no. 9 & Chapter 6). 

An estimated 10-15 m of lateral erosion along approximately 380 m of the right bank terrace from the RDR 

intake weir to cross-section no. 12 has been shown by comparison of 1962 and 1996 aerial photographs 

(Drawing no. 12). It is likely that this erosion at this site has occurred due lateral constriction of the channel 
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from construction of the RDR embankment and also from flow convergence as a result of the oblique intake 

weir. 

Measurements from aerial photographs show that approximately 10-15 m of erosion has occurred along the 

left bank of Intake Bend between cross-sections no. 10-19 over the 34 years from 1962 to 1996 (Drawing no. 

12). Erosion appears to be worst upstream of cross-section no. 18 where a scallop in the left bank peaks at 

cross-section no. 17. Five floods in excess of 5 year return period have occurred during this time, the most 

notable the 3,440 cumec flood of 1979 and the 2,960 cumec flood of 1994. An average rate of lateral erosion 

of 0.29-0.44 m y(1 can be inferred from this information. 

Although the general extent ofthis erosion can be defined the practice of bolstering the river edge of the RDR 

embankment with sediment excavated from the race, or simply the dumping of sediment in that area, has 

resulted in the actual lateral extent or rate of erosion being unclear. This is so for two reasons. Firstly, the 

1962 aerial photograph appears to show recently deposited material along the left bank face (Figure 2-32). 

This would have artificially increased the estimate of embankment width made on Drawing no. 12 as it is 

likely that the next moderate fresh in the river would have removed this loose material. Secondly, the degree 

of protection that this deposited sediment offers to the embankment is uncertain. Or, in other words, it is 

uncertain how effective this practice is in retarding lateral bank erosion. 

It does, however, appear that lateral erosion is occurring. In fact it would seem unreasonable to assume that it 

is not, given the fresh, unvegetated and near vertical nature of the bank face (Figure 2-16) and the long 

smooth sculpts in the-curvature of the bank line (Figure 2-33). Also, it would seem that erosion of this site is 

inevitable given the long-term trend for eastward migration and outward development of the meander bend 

which is indicated by right bank terrace remnants (Figure 2-10). 
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fiGURE 2-3: GPS equipment set-up over RDR intake radial gate wing-wall benchmark. 

I 1(,[ ' 1\1 2--1: .Ietbnnt <lnd g<luging equipment used for croso,-sectional sur\'e~ \'·ork. 
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FIGURE 2-6: Selection of basal area sediment along true left bank of Intake Bend. 
Graduations on the levell ing staff-are at 10 111m & 50 mm intervals . 
. -1I1I1()IUli()l1.\: .\) db_",,::: --l00 mm: B) Lin",,::: 1.7 ITI. 
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Flow from top to bottom. 
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FIGURE 2-15: Rangitata River grain-size reduction (Browne & Leckie, 1995). 
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FIGURE 2-16: Panoramic photograph mosaic of Intake Bend area on 19 March 1995. 
Dashed arrow marks direction of fault. Flow from right to left. 
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FIGURE 2-17: Simplified interpretation of Intake Bend geology. 
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FIGURE 2-20: Aerial photographs of Rangitata River from upstream of gorge to Peel Forest. 
Flown 7 February 1965 (SN 1580: 3733/ 15 . 3734/20. 3735/22. DSLI). Approximate scale I :65.500. Flow from top to bottom . 
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FIGURE 2-22: Calculated and approximated Rangitata River flow duration curves. 
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I· IGL'RI ·. :::-:::4: RDR intake ~ite looking upstrealll prior to construction (c . 1940) (Speight. 1941). 
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FI(JL IRE :::>-:::>6: RDR intake const ru ct ion site c. 19'+0. 
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II(il IRE 2-27: RDR construction at dOl\nstream end of Intake Bend c. 1940. 



FIGLRE 2-28: RDR inrakt! site at 27 St!ptelllbt!r 1951 . 
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FIGURE 2-29: Oblique aerial photograph of RDR intake site c. 1951. 
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FI(il 'Rl 2-30: RDR inl3ke site at 5 Ma\ 195-1. 
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FIGURE :::-31: RDR intake site at 2 May 1962. 



FI(jL IRF 2-:r:!: Al!rial photograph mosaic of Intake Bend (SN 1-1-16. 17 March 1962). 
Obliqul! cl!ntrl!-linl!~ denotl! a\e~ of bar formation~. 
/\ppr(l,im~1tl! scak I: 12.000. 1· lm\ from top to bottolll. 
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FIC;l IRE 2-':;3: Aerial photOgraph mosaic or Intake Bend (DNRE 3. 25 March 
Oblique.: cen tre-lin e, (knotl' axes of bar formations . 
. Appro\imntc ~c<lk I: 12.000. FIO\\ li·om top to bottoill. 
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3.1. INTRODUCTION 

The primary purpose of this chapter is to collate and analyse discharge data for the Rangitata River at 

Klondyke. These data will be used to assist in the analysis of river bank erosion, to estimate the risk of flood 

damage to the RDR canal, and as input to sediment transport calculations. 

Of particular importance to the analysis of erosion and flood risk is the frequency of occurrence of extreme 

river discharges. A flood frequency analysis was carried out using the historical annual maximum discharge 

series for the Rangitata River. Compilation and analysis of older, but less reliable, flood data was also 

performed in an attempt to validate the flood frequency analysis. 

More recent, reliable, data was used to provide statistics on discharge variability for use in sediment transport 

analysis. 
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3.2. CATCHMENT HYDROLOGY 

The Rangitata River is located in mid-Canterbury on'the east coast of the South Island, New Zealand (Figure 

3-1). It is the third largest river, in terms of mean discharge, of the Canterbury region (Q = 103 m3s-'). The 

two larger rivers, the Waimakariri and Rakaia, have mean discharges of Q = 121 m3s-' and Q = 207 m3s-' 

respectively (Mosley, 1992). 

The Rangitata River at Klondyke has a catchment area of approximately 1,460 km2
. The catchment lies 

between 440 m and 2,835 m asl and has a median elevation of 1,220 m asl (Walsh, 1975). The Rangitata has 

its source in three main tributaries rising in the Southern Alps; the Lawrence, Clyde and Havelock Rivers 

(Figure 3-2). These three tributaries are of approximately the same size and each is headed by a small alpine 

glacier at around 1,600 m asl. Approximately 39 km2 (2.7%) of the alpine catchment is glaciated (Walsh, 

1975). 

Along the western foothiils between the gorge and Peel Forest the Rangitata River is joined by a number of 

small streams. The significant tributaries within this reach are Boundary Stream, Raules Gulley Stream, 

Middle Stream, Chapmans Creek and Lynn Stream (Figure 3-2). These steep tributary streams serve 

relatively small catchments and thus make a relatively small contribution to river flows. Because of 

catchment location and orientation the foothill tributaries are influenced by different weather systems to those 

controlling the main river and thus have a different discharge regimes. 

Due to the convex nature of the Rangitata fan, surface streams generally flow away from the high terraces 

bounding the river, so that the only direct catchment of the Rangitata River in its plains region is its flood 

plain (an area of the order of 120 km\ Thus discharge in the Rangitata River is controlled almost entirely by 

its alpine catchment (Wilson, 1985). 

Average annual precipitation in the region of the Rangitata River is about 650 mm near the coast, 1,000 mm 

at the inner plains margin, and 5,000 mm at the main divide (Wilson, 1985). 

Precipitation in the alpine region is predominantly brought by the north-west wind. During winter most 

precipitation falls as snow (above approximately the 1,200 m contour). This snow accumulates during the 

winter months and is released during the spring thaw (Walsh, 1975). 

While the north-west wind is also predominant in the foothills region, flood producing rains tend to develop 

more from the east, and to a lesser extent from the south (Walsh, 1975). 

Flood events in the Rangitata River predominantly occur during late spring / early summer snow melt and can, 

be particularly extreme when combined with strong north-westerly wind conditions that cause excessive 

precipitation (>200 mm dai') in the Southern Alps catchment (Browne & Leckie, 1995). 
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Figure 3-3 shows average monthly mean discharge figures for the Rangitata River at Klondyke. These 

discharges range from 58 cumecs in July to 200 cumecs in December, clearly illustrating the effect of late 

spring / early summer snow melt on the river discharge regime. 

A flow duration curve generated from data in the CRC TIDEDA database is presented in Figure 3-4 and was 

used in Chapter 2 for the sediment transport analysis. A maximum discharge of 3,574 cumecs was recorded 

on 25 December 1979, and a minimum discharge of 30.9 cumecs was recorded on 5 July 1992. The mean 

discharge over the period 13 August 1979 to 10 January 1996 was Q = 103 cumecs. 

Hydrograph data were extracted from Fancourt (1976) for floods between 1967 and 1974, and from Scarf & 

deJoux (1980) and the CRC TIDEDA database for notable floods occurring between 13 August 1979 and 13 

December 1995. A selection of flood hydrographs occurring during these periods are presented in Figure 3-5. 

Hydrograph shape is related to the physical layout of the catchment and also to rainfall patterns resulting from 

the governing weather systems which give rise to different magnitude flood events. While in theory there 

may be a generally consistent hydro graph shape for events of different magnitude the intrinsic variability of 

individual rainfall events and antecedent catchment conditions means that individual hydrographs of similar 

peak magnitudes may vary significantly in their overall shape. 

The hydrographs presented in Figure 3-5 (ranging in peak discharge from 576 to 3,440 cumecs) show 

reasonable symmetry, although some variation in the shape of the peak is evident. A characteristic of the 

larger flood hydrographs is the steepness of the rising limb. For the 3 December 1979 event the average rate 

of rise at the recorder site in the five hours prior to the flood peak was 0.9 m hr-l. The maximum rate of rise 

within this period was 1.07 m h(l. 

The representative flood hydrographs presented in Figure 3-5 are referred to in Chapter 4 as part of a . 

numerical hydraulic modelling based flood damage risk analysis. 
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3.3. DISCHARGE MEASUREMENT 

3.3.1 General 

Flow data has been recorded in the Rangitata River since 1936 when a stage recorder was installed at the 

downstream end of the Rangitata gorge by the Public Works Department (PWD). Since that time the stage 

recording location has been moved twice. In August 1967 the stage recorder was relocated to a site within the 

gorge, approximately 2.5 km upstream of its previous location. In August 1979 the recorder was moved 

approximately I km downstream to the location it is today. Figure 3-6 shows the annual maximum discharge 

series for the Rangitata River at Klondyke. A description of the individual stage recorder sites and comments 

on the annual maximum discharge data is provided below. 

3.3.2 PWD Recorder 

A water level recorder and cable-way were installed by the Public Works Department (PWD) at the outlet of 

the Rangitata Gorge in 1936 as pa.rt of the irrigation development. The recorder was located on the right bank 

just upstream of the RDR intake (S91:764285; 136:676145). The housing and stilling well for this recorder 

still remain intact at this site today. Flow measurements had been carried out to define stage discharge 

relations since August 1934. After installation, however, the frequency of measurements became less 

frequent and the recorder was affected by siltation caused by construction of the RDR Intake. However, 

according to Walsh (1975) the period of record 1 March 1935 to 28 February 1939 appeared to be in order. 

Construction of the intake, especially upstream sedimentation associated with construction of the intake weir, 

would have caused siltation of the natural scour hole in which the recorder is located. However, it is also. 

highly likely that significant changes in bed elevation at this site would have been experienced due to seasonal 

changes in flow regime. This, combined with sporadic flow gauging, especially later in the recorder period, 

makes the derived discharge data unreliable. The measurement of larger magnitude floods will, however, be 

more consistent with the earlier data given smaller differences in water level at higher discharges, drowning

out of the intake weir, and scour of the bed to similar base levels. 

It should be noted that there will be a difference in the flow recorded between the original PWD stage 

recorder and the other two sites due to the flow introduced by Boundary Stream. However, the difference in 

flood discharges is likely to be insignificant given that Boundary Stream drains a reasonably small catchment. 

Further, it is unlikely that both channels will be in flood concurrently due to their different catchment 

orientations which cause them to be susceptible to different weather patterns. 

The annual maximum discharge series recorded at the PWD site extends from 1936 to 1957 (Figure 3-6). 

The maximum discharge recorded during this period was 3,455 cumecs, which occurred on 25 December 

1957 (Scarf & deJoux, 1980). 
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3.3.3 Official Data Gap 

According to Scarf & deJoux (1980) there were no stage recorders operating during the period 1958 to 1966. 

However, Hydrology Annuals (SCRCC, no. 6, 1958; no. 13, 1965) give annual maximum discharges for the 

years 1958 and 1965 of 1,297 cumecs and 850 cumecs respectively (Figure 3-6). It is not known how these 

discharges were estimated and therefore their degree of precision. 

Waugh (1983) presents a bar chart of annual maximum discharges for the Rangitata River, including the 

period 1958 to 1966. No actual annual maximum discharge values were included with this graphical 

representation and so estimation of these discharges was undertaken by scaling values off the chart (Figure 3-

6). It is not known how the data presented by Waugh (1983) for the 1958-1966 period were estimated, or 

from what source they were derived. However, from comparison with annual maximum discharges recorded 

in the Rakaia River (Figure 3-13) it appears that a simple linear relationship may have been assumed with the 

Rakaia River record for the years J 961-1964. 

Using both the above sources, estimates 'of annual maximum discharges for the period 1958-1966 were 

available. However, because the original source and thus accuracy of these data are unknown, inclusion in 

the annual maximum discharge series may give rise to additional errors in flood frequency analysis. 

3.3.4 SCCRWB Recorder 

In August 1967 the South Canterbury Catchment and Regional Water Board (SCCRWB) installed a Foxboro 

automatic water level recorder at the new Klondyke site at map reference S911743297 (136:658156) 

approximately 2.5 km upstream of the previous site (Walsh, 1975). 

Because no cableway had been installed at the site, jet boat gaugings were used to confirm the flow rate at 

high stages. From these measurements a coefficient was applied to surface velocity measurements obtained 

by timing floats over the gauging reach. For the period 8 August 1967 to 5 August 1968 water levels were 

recorded by a Foxboro weekly recorder with a 30 ft (9.144 m) range. On 5 August 1968 the range of the 

Foxboro was extended to 40 ft (12.192 m). On 19 June 1972 the site was metricated witjI water levels being 

recorded on a 12 m range chart. The lack of accuracy in reading river stage values off a chart with a large 

stage range had, in the case of the Klondyke site, been offset by the downstream control in the form of a rock 

bound constriction. This control, particularly in the medium and low stages had the effect of causing small 

discharge changes for relatively large changes in stage (Walsh, 1975). The highest gauged flow at the 

SCCRWB site was 976 cumecs and extension of the stage-discharge rating beyond this value was estimated 

by the equation (Scarf & deJoux, 1980): 

Q = 427 -171.3h + 23.85h2 where h = h.\'CCRWB + 2.743 (3-1) 
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The annual maximum discharge series recorded at this site spans the period 1967 to 1979 (Figure 3-6). The 

maximum discharge recorded during this period occurred on 3 December 1979 and had an estimated 

magnitude of 3,440 cumecs. This event was actually measured at the CRC recorder site, but because this site 

was not properly rated at the time of the event the approximate flood hydrograph was estimated by correlating 

levels with the rated SCCRWB site. Thus, stages must have been recorded simultaneously at both sites, either 

during this flood event or over some other time period, so that the stage correlation could be defined. The 

stage relation between the two sites was given by (Scarf & deJoux, 1980): 

h('jl(' = 0.716hsCCRWB +0.073 (3-2) 

Scarf & deJoux (1980) note that due to the circuitous methods employed in estimating the magnitude of the 3 

December 1979 event the estimated maximum discharge may have an accuracy of only ±20%. 

As stated below, because data for the 3 December 1979 event are absent from the stage record at the CRC 

site, and because the rating applied to the early data at this site appears incorrect, the magnitude of the event 

estimated by Scarf & deJoux (1980) has been retained and the event has been included in the SCCR WB 

record period. 

3.3.5 CRC Recorder 

-
The new river gauging site (69302) was established by the South Canterbury Catchment Board (SCCB) on 13 

August 1979 and is now operated by the Canterbury Regional Council (CRC) I. The site is located 57 km 

from the river mouth on the left bank of the river at the downstream end of the Rangitata Gorge, 

approximately 1.5 km upstream of the Intake Bend reach (136:666149; S91 :753287). The hydraulic control 

at the site is formed by large boulders and bedrock. A 10 m range Leupold and Stevens digital recorder, 

recording and telemetering stage data at 15 minute intervals is used at this site. The recorder was originally 

connected to a float and stilling well arrangement, but on 26 August 1983 a Sherlock gas pressure system was 

installed to replace the original system. Recurring problems with the stage record following this installation 

stem mainly from fluvial siltation of the gas orifice (Boraman, 1995). 

The high frequency of gaugings and the stable bedrock control makes the flow record at this site of a high 

standard. The difficulties encountered during flood flow gauging due to high velocities and turbulence in the 

gorge means that estimates of high flood discharges are ofa lower quality (Boraman, 1995). 

All stage data from this recorder site have been stored on the regularly updated CRC TIDEDA database. 

Earlier flow data which exist since 1936 were recorded on water level charts and while they exist in CRC 

archives, they have not yet been entered into the TIDEDA database. 

1 This stage recorder and its period of operation will hereafter be referred to as the CRC recorder / recorder period rather 

than SCCB recorder / recorder period in order to reflect its present ownership. 
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There were no gaugings done on the Rangitata River at this site until 21 January 1980 when the cable-way 

was built. The rating which effectively starts at this date has also been applied to the data starting on 13 

August 1979 to produce a discharge record. This data has been classed as being not to NIW A standard 

because of the probability there would have been a rating change during the large floods of December 1979 

(Boraman, 1995). 

As at April 1995 the maximum gauged flow was 1,405 cumecs (RL 5.908 m), while the maximum recorded 

flow was 3,574 cumecs (RL 10.939 m). The mean velocity at the maximum recorded flow (derived from an 

extension of the area / velocity curve) was 4.6 ms- I
. 

Boraman (1995) provides a comprehensive data audit for the entire record at the new recorder site (from 

15:3013 August 1979 to 12:00 10 January 1996). In general the discharge record is considered to be of high 

quality. However, inspection of the data showed that the initial period of record contained an apparent 

anomaly. 

The TIDEDA record shows the 1979 annual maximum discharge to occur on 25 December. However, it was 

reported to have actually occurred on 3 December (Scarf & deJoux, 1980). This discrepancy appears to be 

due to an apparent stage recorder malfunction on the 3rd
• This is shown in the TIDEDA record as a 10 hour 

period of a constant 2,300 cumec discharge (RL 7.960 m) starting at 12:45 am on the 3rd
• Following this 

constant discharge there is a 25 hour gap in the record. This malfunction isn't referred to in the comments 

record of the CRC TIDEDA database. 

The rating curve applied to the early TIDEDA data seems to substantially over-predict these discharges. 

Scarf & deJoux (1980) quote a value of 3,440 cumecs for the 3 December event and 2,300 cumecs for that of 

25 December. However, the rating applied to the TIDEDA data gives a discharge of3,574 cumecs for the 25 . 

December event. This is possibly due to the latter event being mistaken for the annual maximum and a rating 

being applied to this period of record to reflect the peak discharge of the actual annual maximum (ie. the 3 

December event) estimated at the SCCRWB recorder. 

Because of the above discrepancy, the discharge of the 1979 event quoted by Scarf & deJoux (1980) was 

taken as being correct and has been quoted here as occurring during the SCCR WB, rather than the CRC, 

recorder period. Thus, for the purposes of this exercise, annual maximum discharge data from the CRC site 

spans the period 1980 to 1995. The largest flood measured during this period occurred on 9 January 1994 

and had a magnitude of2,964 cumecs (Figure 3-6). 
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3.4. FLOOD FREQUENCY ANALYSIS 

3.4.1 Theory 

For the following flood frequency analysis the Extreme Value type 1 (EVI, or Gumbel) distribution was used. 

This particular distribution is recommended as being appropriate for the majority of New Zealand rivers 

(McKerchar & Pearson, 1989). 

Using an EV I distribution the Annual Exceedence Probability (AEP) of a particular discharge (Q), ie. the 

probability that the discharge will be equalled or exceeded in anyone year, is given by: 

Where: Y= reduced variate [null] 

u = location parameter (Q intercept of the Q vs Y regression line) [m3s- l
] 

a = scale parameter (slope of the Q vs Yregression line) [m3s- l
] 

The reduced variate is define£ 

Y = -In[ -In(l- AEPG )] 

Where AEPu is the Gringorten annual exceedance probability (or plotting position): 

AEP
c 

= m - 0.44 
, n + 0.12 

Where: m = rank of event (I = largest) [null] 

n = number of years of record [null] 

(3-3) 

(3-4) 

(3-5) 

The return period (Tr) of a particular discharge, ie. the average interval in years within which the discharge 

will be equalled or exceeded, is given by the reciprocal of AEP: 

T =_1_ 
r AEP 

(3-6) 

3.4.2 Method 

The general method followed in performing the flood frequency analysis was: 

I) The annual maximum discharges (Q) within the desired data period were ranked in order of decreasing 

magnitude. 
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2) The Gringorten annual exceedance probability (A EPa) of each discharge (Q) and the reduced variate (Y) 

of each AEPu were calculated. 

3) The annual maximum discharge (Q) series was plotted against reduced variate (Y) and a least-squares 

regression line was drawn through the data. 

4) The location (u) and scale (a) parameters of the EVI distribution were then calculated from the equation 

for the least squares regression line (Q = aY + u). 

Three separate data periods, representing distinct stage recorder periods, were analysed in order to assess the 

appropriateness of both the method and of the data used. The first analysis considered the entire available 

discharge record, including the dubious data from 1958 to 1966. The second analysis considered only the 

data from 1967 to 1995 representing the record of the later two, more reliable, stage recorders. The third 

analysis considered all annual maximum discharge data from 1936 to 1995, but excluding the dubious data 

from 1958 to 1966. 

3.4.3 Results & Discussion 

Figure 3-7 presents a histogram of annual maximum discharge data for the Rangitata River at Klondyke. This 

shows a reasonably smooth distribution of the frequency of various magnitude flood events, indicating the 

possibility of a good fit to a theoretical distribution. 

Table 3-1 presents the results of the flood frequency analysis for the three data periods considered. Figure 3-

8 shows the Q vs Y plots and linear regressions for the three data periods. Figure 3-9 shows the discharge vs 

return period relations predicted by the flood frequency analyses of the three data periods. 

Both the first and third cases have high linear correlation coefficients (R2 
= 0.980 and 0.982 respectively), 

indicating a good fit to the EV 1 distribution. The second case, which analyses only the last 29 years of 

record, appears to show a general upward curvature in the plotted data, which is also reflected by a lower 

correlation coefficient (R2 
= 0.948). This upward curvature indicates the possibility of a better fit to an EV2 

distribution (Painter, 1993). Painter & Larsen (1995) state that the annual maximum flood series for the 

Hakataramea River in South Canterbury is better fitted by an EV2 than EVI distribution. However, it is 

interesting to note that this analysis is based on 30 years of data covering the period 1964 to 1993. This is 

very similar to the second data period scenario used for the Rangitata River flood frequency analysis. 

Because both the longer Rangitata River data periods considered above appear to fit the EVI distribution well 

it is possible that at least a partial reason for the Hakataramea River displaying a better fit to an EV2 

distribution is because it is missing these early data. An explanation for this feature appears to be the 

significantly higher magnitude of the early data. Reasons for the occurrence of this high flow period are 

discussed in Section 3.5. The implications of this are not completely clear as it depends o~ whether these 

early discharge data are a result of long-term cyclic climatic variation or due to catchment changes and/or 
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errors in the rating of the early Rangitata River stage record. If these changes are not cyclic then it would be 

appropriate to consider only the more recent data, fitted to an EV2 distribution, to give a better forecast of the 

return period of future floods. 

For the two longer data series analysed it appears that either side of a discharge of approximately 1,200 

cumecs two quite different regression lines can be drawn through each data set. Connell (1988) states that 

this is possibly a consequence of the differing probability of occurrence of the distinct climatic scenarios 

which bring about these different magnitude flood events. For the sake of simplicity, and because of the 

relatively good fit achieved with a single linear relation, no attempt was made to analyse the data separately. 

The last row of Table 3-1 shows the return period of the 2,168 cumec flood of 13 December 1995 estimated 

by analysis of each of the three data period scenarios considered. The third scenario provides the lowest and 

therefore the most conservative return period estimate. 

TABLE 3-1: Flood frequency analysis comparison. 

Data Period 

Data Period Length [yr] . 

Correlation Coefficient (R2) [null] 

Scale Parameter (a) [mls-I] 

Location Parameter (II) [mls-I] 

13 Dec 1995 Flood Return Period (Tr(2168}) [yr] 

1936-1995 

60 

0.980 

565 

969 

8.9 

1967-1995 
1936-1995 

(1958-1966 exc1.) 

29 51 

0.948 0.982 

596 601 

794 990 

10.5 7.6 

Because of the longer data series, the dubious nature of the 1958-1966 data, the better correlation to the EVI 

distribution, and the conservative nature of return period estimates, the third data period scenario (1936-1995; 

1958-1966 exclusive) was selected as appropriate for future analysis of flood frequency. 

Figure 3-10 shows ranked annual maximum discharge data, demarked by their respective stage recorders, for 

the selected 1936-1995 (1958-1966 excl.) data period. 

Table 3-2 tabulates the discharges of various return periods ranging between 2.33 years (the estimated mean 

annual flood) to the 100 year event. Also tabulated is the discharge per unit area of catchment of each 

magnitude flood event. 

TABLE 3-2: Flood frequency analysis results (1936-1995; 1958-1966 excl.). 

Return Period (Tr) [yr] 2.33 5 10 20 50 100 

Annual Exceedance Probability (AEP) [null] 0.43 0.20 0.10 0.05 0.02 0.01 

Discharge (Q) [mls-I] 1,338 1,891 2,342 2,775 3,335 3,755 

Catchment Unit Discharge (q) [mls- lkm-2f 0.92 1.30 1.60 1.90 2.28 2.57 

Note: t Catchment area A = 1,460 km2
• 



Other flow-distribution / catchment statistics derived from the analysis are: 

Mean annual discharge (from data): 

100 year flood frequency factor: 

McKerchar & Pearson (1989) parameter: 

Q = 1,332 m3s· 1 

QIOO = 2.81 
Q 

Q 
AOS = 3.94 

3-11 

(3-7) 

(3-8) 

(3-9) 
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3.5. PWD DISCHARGE RECORD VALIDATION 

3.5.1 General 

From Figure 3-6 it can be clearly seen that annual floods between 1936 and 1957 recorded at the original 

PWD stage recorder are significantly higher than the data recorded after this period. The PWD recorder data 

has a mean value of 1,599 m3s· l
, 42% greater than the data from 1967 to 1995 which has a mean of 1,129 

m3s· l
• 

There are several possible reasons for the greater discharges measured during the early record. The most 

obvious reason for the difference is an inaccurate rating being applied to the stage data at the PWD site. 

Other possible reasons for the difference are changes in catchment condition and/or weather patterns. The 

difference may also be simply attributed to the limited data time frame, ie. the difference may not actually be 

significant over a longer time period. Each of these factors will be investigated to the extent possible in the 

following sections. As mentioned previously, inflow from Boundary Stream will have a small influence on 

discharges recorded at the early PWD site. However, the difference will certainly not be of the order 

indicated above. 

3.5.2 Rating Check 

The application of an inaccurate rating to the stage data at the PWD recorder site seems to be an obvious 

reason for the significantly higher discharges recorded during this period. Data for this period were derived 

from Scarf & deJoux (1980) who quote the date, stage (eRe recorder site equivalent) and estimated 

discharge for all annual maximums between 1936 and 1957. The equation used to define the relation between 

stage at the PWD and eRe recorder sites was: 

hoI(' = l.792h l'WD - 0.504 

Scarf & deJoux quote the following equation used to give the usual log-log extension of a rating curve: 

Q=k(h+a)" 

Taking the log of both sides of Equation 3-11 results in a linear relation between log h and log Q: 

logQ = logk+nlog(h+a) 

1 1 
log(h+a) =-logQ--Iogk 

n n 
logh' = mlogQ+c 

Where: h' = h + a [m] 

m = slope of the log h' vs log Q line [null] 

c = log h' intercept of the log h' vs log Q line [null] 
I 

(3-10) 

(3-11 ) 

(3-12) 
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Scarf & deJoux (1980) suggest that during construction of the previous rating curve the value for a was 

falsely assumed to be zero and that the rating curve was extended by eye. Scarf & deJoux (1980) state that 

they replotted the gauging data for the period 1936-1957 and using Equation 3- I I came up with a new and 

improved rating. 

To establish the form of the rating curve used by Scarf & deJoux (1980) the log transformed stage-discharge 

values for the period 1936- I 957 were plotted. A least-squares regression line was then fitted through this 

data and, via Equation 3-12, gave the rating equation: 

1.2]6 

Qv&d.! = 80.21h pflD 
(3-13) 

The correlation coefficient of the regression line was R2 = 0.9999 and thus if the value of a was not zero as 

Scarf & deJoux stated, it must have been very close. 

The above calculated rating curve and stage-discharge values quoted by Scarf & deJoux (1980) for annual 

maximum discharges from 1936 to 1957 are plotted on the rating curve comparison of Figure 3-1 I. 

In an attempt to reassess the rating of Scarf & deJoux (1980) all gauging data for the site which was published 

in Hydrology Annuals was collated and plotted. These data, separated into yearly periods, span from 1934 to 

1955 and are plotted in Figure 3-12. Data relating to these gaugings are presented in Appendix III. 

Visual inspection of these gauging data suggest that following 1936 the rating became affected by RDR 

construction activities. A single high flow gauging was undertaken on 3 February 1955 and gave a discharge 

of991 cumecs at a stage of3.338 m (SCRCC, no. 3, 1995). It is assumed that because of the high discharge 

at which this gauging was undertaken the stage will have been little affected by RDR construction activities. 

It appears that Scarf & deJoux (1980) have ignored, or were not aware of, the high flow gauging performed 

on 3 February 1955, because their rating does not pass through this data point. 

A linear regression performed on the log transformed gauging data from 1934 to 1936, and including the 

single 1955 gauging, resulted in a rating curve defined by: 

2 

Q""". =90h IVI- PWD 
(3-14) 

This rating is plotted on Figure 3-11 for stages of the annual maximum discharges between 1936 and 1957 to 

allow direct comparison with the Scarf & deJoux (1980) rating. This new rating gives an approximate 19% 

reduction of the flows estimated by Scarf & deJoux (1980). However, the re-rated PWD recorder data is still 

approximately 15% greater than data recorded after this period. 

It should be noted that it is possible that construction of the RDR intake weir may have caused an increase in 

stage at the recorder site for the 1955 gauging. This increase in stage would have had to have been 

approximately 0.3 m at the 991 cumec discharge for the Scarf & deJoux rating to fit the gauging data. The 
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possibility of this magnitude of difference resulting from construction of the RDR intake weir was not 

investigated during hydraulic modelling of the reach performed as part of the overall investigation. 

Attempting such an analysis would not be simple because of the difficulties in accurately modelling the 

oblique intake weir. 

An estimate of the original rating curve was made by using the gauging data employed above along with 

stage-discharge values quoted in Hydrology Annuals for four significant flood events at the PWD site. These 

data are presented in Appendix III. The rating curve resulting from this analysis is defined by: 

= 98h
l9 

Q()rtxiIlCl! /III'D 
(3-15) 

These data and rating are plotted in Figure 3-11. Applying this rating to the 1936 to 1957 annual maximum 

stage values results in a 21 % reduction of the discharges given by the Scarf & deJoux rating. 

The recalculated original rating gives an average of 1,234 m3s·1 for the early data; 105 m3s·1 (9%) greater than 

the later data. 

3.5.3 Comparison with R..akaia & Waimakariri Data 

The Rangitata River flow record has been compared with that of the Rakaia and Wairnakariri rivers in order 

to check the validity of rating curves applied at different recorder sites and to ensure that no flood peaks were 

missing from the record. Flow data used for this comparison were those presented by McKerchar & Pearson 

(1989). 

3.5.3.1 Rakaia Data 

The Rakaia discharge record commenced in 1957 and so correlation with the dubious 1936-1957 Rangitata 

data was not possible. However, annual maximum discharge data additional to that presented by McKerchar 

& Pearson (1989) were supplied by Horrell (pers. comm.) to enable a more complete comparison between 

data sets. 

Before undertaking a comparison with the Rangitata River annual maximum discharge record an investigation 

into the reliability of the Rakaia River record was undertaken. Ibbitt (1979) provided a comprehensive 

analysis of the Rakaia River discharge record for the period up to 1978. The results of this analysis can be 

summarised as follows: 

1957-1964 The water level was effected to varying degrees by silting and few gaugings were 

conducted, making the estimation of rating changes less certain than in later records. 

1964-1970 The water level record was affected by silting which reached serious proportions in 1968 

when it probably caused flow estimates to be overestimated by approximately 7%. 
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1970-1978 Apart from some minor silting in 1972-1974 this period appears to have the best water level 

records. 

An attempt was made to analyse the relation between Rakaia and Rangitata annual maximum discharges over 

data periods relating to recorder sites on the Rangitata River. This was done in order to assess whether there 

was any inconsistency in discharges recorded at and between the particular sites. 

Table 3-3 presents data for correlations between Rakaia River and Rangitata River annual maximum 

discharges over various time periods relating to stage recorder sites on the Rangitata River. Graphical 

representations of these correlations are given in Figure 3-13. 

TABLE 3-3: Correlation of Rangitata River & Rakaia River annual maximum discharges. 

Period Description No. Years R2 

1958-1966 Unofficial data 9 0.46 

1957-1966 Unofficial data + 1957 10 0.90 

1967-1979 SeeR WB recorder data 13 0.93 

1980-1995 eRe recorder data. 16 0.89 

1967-1995 SeeR WB & eRe recorder data 29 0.87 

1957-1995 All available data 39 0.82 

The three periods of interest are the unofficial data period (1958-1966), when apparently no recorders were 

operating, the SCCRWB recorder period (1967-1979) and the CRC recorder perioii (1980-1995). 

As mentioned previously an almost perfect straight line can be drawn through the years 1961-1964 & 1957-

1958. It seems that from known discharges in 1957 and 1958 a linear discharge relation was established and' 

used to estimate the years 1961-1964. Data for the years 1965 and 1966 seems to have been available from 

other sources. Because of the fact that a significant proportion ofthe data within this record period appears to 

have been fabricated, and due to the dubious nature of the remaining data, annual maximum discharges within 

this period should probably not be included in any flood frequency analysis. 

For the SCCRWB recorder period (1967-1979) the Rangitata record shows a very high correlation with the 

Rakaia record (R2 = 0.93). Similarly, Rangitata River annual maximum discharge data within the CRC 

recorder period shows a high correlation with the Rakaia data, although slightly weaker (R2 
= 0.89). Part of 

the reason for this weaker relation could be due to the 1984 data point which seems to be an outlier. 

Individually the separate SCCR WB and CRC record periods give high correlation coefficients with the 

Rakaia data. However, when the individual record periods are considered together the correlation becomes 

slightly weaker (R2 
= 0.87). The reason for this effect can be seen from the graphs of Figure 3-13, which 

show the linear relation between river records to be significantly different over the individual recorder 

periods. Assuming stability of the Rakaia record during this period, the difference would seem to be due to 
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the different rating extensions applied at the individual sites. However, the difference in the relation between 

the SCCRWB and CRC data to the Rakaia data may be simply due to the lack of data points at high 

discharge. The combined relation, however, provides an average of the two individual estimates and because 

of the greater number of data points at high discharge probably provides a better overall estimate of the true 

relation. 

The linear relation between Rangitata and Rakaia River annual maximum discharges based on least-squares 

regression of data from the SCCRWB & CRC sites (1967-1995) is given by: 

QRIlk";,, ~ 1.34 QRallgiiafa + 1,084 (3-16) 

The great majority of data points fall within ± 500 cumecs of this line (Figure 3-13). 

Given the natural variability of peak discharges between catchments and the uncertainties in the Rakaia River 

discharge record, the Rangitata and Rakaia data seem to correlate particularly well. Based on the results of 

this initial comparison with the Rakaia River annual flood series it appears that there is no solid justification 

for adjusting Rangitata River annual maximum discharges over the 1967-1995 period. A more indepth 

inspection may reveal the need for minor adjustments in the data, however such an analysis is beyond the 

scope of this dissertation. 

It is possible that a relation similar to Equation 3-16 could be used to artificially extend the Rakaia River 

annual maximum discharge record by 21 years for the purposes of refming the flood frequency analysis of 

that river. However, this could only be confidently undertaken following reassessment of the rating curves for 

the three Rangitata River stage recorder sites. 

3.5.3.2 Waimakariri Data 

Comparison of Rangitata River annual maximum discharge data with that of the Wairnakariri River resulted 

in a reasonably poor correlation (R2 
= 0.39) (Figure 3-14). However, flow data for the Waimakariri River is 

available back to 1930, and so a rough correlation with the dubious 1936-1957 Rangitata data was possible. 

The adjusted Rangitata flow data (applying the suggested new rating curve) for the 1936-1957 period was 

shown to be on average 20% higher than the data for the 1958-1987 period (1,295 m3s-1 cf 1,078 m3s- 1
). The 

Waimakariri flow data for 1936-1957 period was shown to be on average 21 % higher than for the 1958-1987 

period (1739 m3s-1 cf 1432 m3s- I
). This seems to give some support for a wet period during 1936-1958 and 

also for the accuracy of the re-rated PWD recorder data. 
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3.5.4 Climate / Catchment Change 

3.5.4.1 General 

The analysis presented in Sections 3.4.2 and 3.4.3 indicates that even with reasonable adjustment of the PWD 

recorder rating curve the flows predicted during this earlier period (1936-1957) are 15% higher than flows 

recorded over the later (1966- I 995) period. Possible reasons for this difference could be higher rainfall 

during the earlier period and/or a change in the condition of the catchment. The likelihood of these 

possibilities are discussed below. 

3.5.4.2 Climate 

In order to investigate historical rainfall trends for the Rangitata River catchment the records from four 

rainfall stations were analysed. The sites considered were Hokitika, Greymouth, Franz Josef and Arthurs Pass 

(Figure 3-1). The former three sites are located on the West Coast while the later is situated in an alpine 

environment. These sites were chosen because of their proximity to the Rangitata catchment, their duration 

and quality of record and the ready availability of data. Annual rainfall totals at these sites have been 

smoothed using a low-pass filtering technique and are presented graphically in Figure 3-15. 

From Figure 3-l5 it can be seen that rainfall totals at each of the four sites show the same general trend, 

having highs and lows over similar data periods. This demonstrates that the West Coast / alpine rainfall 

recording sites selected are susceptible to the same rainfall pattern variations and implies that rainfall trends 

in the Rangitata River alpine catchment will also be similar. 

Inspection of the Rangitata River annual maximum discharge series (Figure 3-6) and rainfall totals in Figure 

3-l5 reveals that seven of the eight Rangitata River annual maximum discharges greater than five year return 

period fall at or near peaks of the general rainfall oscillation. The two largest recorded river discharges are 

included in the six that match this pattern. This indicates a strong relation between high annual rainfall totals 

and large floods in the Rangitata River. 

Finally, from Figure 3-15 it can be seen that for the period from approximately 1938 to 1947 the Hokitika 

record shows higher than average annual rainfall totals. This coincides with a significant period of the 

unusually high PWD discharge record (1936-1957), offering at least a partial explanation for this apparently 

anomalous data. 

From the above evidence, there appears to be a relation between West Coast / alpine annual rainfall'totals and 

the Rangitata River annual maximum discharge series. There are two underlying reasons for this link. The 

first reason is that it is largely alpine spill-over of westerly rainfall which supplies the Rangitata River alpine 

catchment. Although other weather systems supply precipitation to the catchment it is the heavily water-laden 

westerlies which most often result in flooding in the catchment. Secondly, the correlation between annual 
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maximum discharge and annual rainfall totals lies in the fact that the majority of annual rainfall tends to fall 

over a very limited number of days per year, so that high annual rainfall generally implies large annual flood 

events (Cherry, pers. comm.). 

In order to further analyse the strength of the relation between rainfall totals and flood magnitude in the 

Rangitata River historical seasonal rainfall patterns at Hokitika were examined. 

Drawing no. 10 presents seasonal rainfall total anomalies at Hokitika for the period 1934 to 1990, after 

Salinger et af. (1992). Lines showing percentage deviation from the 1951-1980 reference period mean are 

plotted for each of the four seasons. Generaltrends shown by these rainfall data are: 

I) Spring, autumn and winter rainfall all show a similar degree of variation but all noticeably smaller than 

that ofthe summer rainfall. 

2) Autumn and winter rainfall show very similar patterns, both having peaks and troughs during 

approximately the same time periods. 

3) Spring rainfall, however, shows an apparent inverse relationship to winter and autumn rainfall, having 

peaks where the other seasons have troughs and visa versa. 

4) Summer rainfall seems to show a trend different to the other data having an oscillation approximately 

twice the period of the other seasons. 

To assist in the analysis of a correlation between West Coast annual rainfall totals and floods in the Rangitata 

River the seasonal distribution of Rangitata River annual maximum discharges were analysed (Table 3-4). As 

an aid to this analysis, the Hokitika seasonal rainfall curves of Drawing no. 10 have been annotated to show 

the occurrence and magnitude of annual maximum discharges in the Rangitata River. 

Figure 3-16 presents the seasonal distribution of annual maximum discharges in the Rangitata River for 

various stage recorder periods. 

Drawing no. 10 shows that the years 1934-1963 have summer rainfall totals greater than the 1951-1980 

reference period mean. Moreover, the years 1936-1947 show significantly higher summer rainfall than the 

rest of the record, reaching a peak in 1940 of 28% higher than the reference period mean. This peak summer 

rainfall is approximately 10% greater than the next highest period of summer rainfall on record. As a 

conservative estimate the twelve year period from 1936 to 1947 can be considered to have a summer rainfall 

5% greater than the next highest period in the record. This period corresponds to a significant proportion 

(approximately 50%) of the unusually high PWD discharge record (1936-1957). From Figure 3-16 it can be 

seen that 50% of annual maximum discharges recorded during the PWD recorder period occurred during 

summer. These facts tend to suggest that approximately 25% of annual floods within the PWD recorder 

period were enhanced by unusually high summer rainfall. The degree of this enhancement however is 

difficult to judge. 
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This period of unusually high summer rainfall is the only obvious climatic factor which could explain the 

higher peak discharges during the early recorder period. More extensive and thorough inspection of rainfall 

records may reveal further trends in data and explanations for observed variations in magnitude within the 

Rangitata River discharge record. However, such an investigation is beyond the scope of this dissertation. 

TABLE 3-4: Seasonal distribution of annual maximum discharge. 

Recorder Summer Autumn Winter Spring Full 

Period Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Year 

1994 

CRC 1995 1993 

(1980-1995) 1989 1990 

1985 1982 1991 

1984 1980 1987 1986 1988 1981 1983 1992 

SCCRWB 1979 1973 

(1967-1979) 1976 1974 1972 

1969 1977 1968 1975 1978 1970 1971 1967 

1955 

1954 

PWD 1957 1952 

(1936-1957) 1953 1949 1956 1951 

1947 1944 1938 1942 1948 

1943 1945 1940 1937 1950 1941 1946 1936 1939 

Average Annual Maximum Discharge [mls·1
] 

CRC & SCCRWB 1,599 1,140 753 535 1,160 1,426 763 1,600 803 901 1,129 

PWD 1.911 1,880 1,623 1,292 2,200 800 1,150 2,015 1,110 1,599 

CRC, SCCRWB 
1,713 1,245 &PWD 1,406 535 1,259 1,684 782 1,600 1,150 1,409 991 1,332 

Note: Discharge data for the period 1958 to 1966 have been excluded. 

3.5.4.3 Catchment 

Another possible reason for the difference in magnitude between the early and later discharge record is an 

intervening change in catchment condition. 

Land in the Rangitata catchment was taken on as pastoral runs in the mid-nineteenth century (Heamshaw, 

1994). In the early stages of occupation the high country land was fired to make it more suitable for farming. 

In addition, fires lit for purposes other than burning off sometimes got out of control and swept over extensive 

areas. The introduction of grazing animals such as sheep, deer and rabbits has resulted in a reduction of the 

height and density of tussock cover. Much of the change has taken place within the century since settlement 

(Knox, 1969). 
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The effect of this change in catchment condition would be a reduction in effective vegetative retention of 

precipitation, resulting in higher peak run-off, and thus greater flood magnitudes than would previously have 

been the case. It is possible that the results of these activities had reached maximum effect around the time of 

the early discharge record and since then, through improved land management practices, the catchment has 

recovered to some extent, resulting in reduced flood peaks. 

The Hokitika rainfall record which extends back to 1891 indicates a period of unusually high annual rainfall 

from 1903 to 1926 (Figure 3-15). It is possible that this period of high rainfall caused excessive 

accumulation of snow and/or erosion in the catchment resulting in partial destruction of vegetative cover and 

thus enhanced catchment run-off during and following this period. The reduction in annual rainfall which 

followed this period may have allowed recovery of vegetation, thus generating the lower peak discharges 

dominant in the later flow record. 

The above two hypotheses are largely speculation, and the actual magnitude of the effects are unknown. 

However, the proposed mechanisms appear reasonably feasible explanations for at least a small proportion of 

the. difference in the discharge record: 

It seems unlikely that glacial activity in the Rangitata catchment (retreat, ablation) would have a significant 

effect on flood discharges given the relatively slow and continuous rate of retreat and the much greater 

influence of short-term high rainfall. Other mitigating factors are the relatively small proportion of the 

catchment which is glaciated (only 2.7%) and the lack of evidence of significant glacial activity in the 

catchment during recent times (Burrows, 1994). 
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3.6. HISTORICAL FLOOD ANALYSIS 

The flood frequency analysis presented in the previous section has been based on the occurrence and 

magnitude of annual floods since consistent discharge measurement was initiated in 1936. However, general 

descriptions of high magnitude floods exist back to 1868. While the limited accuracy and sparse nature of the 

early flood information is somewhat inhibiting an attempt has been made to use these to provide some 

validation for the return period estimates derived above. 

As part of this analysis all available information on historical flooding in the Rangitata River were collated 

and have been presented in Appendix I. 

Floods with a magnitude likely to be in excess of 2,300 cumecs were extracted from Appendix I and listed in 

Table 3-5. The 2,300 cumec threshold was arbitrarily chosen so that only events with magnitudes in excess of 

the 1995 and 1978 annual floods were considered. This provided a small number of well distributed flood 

events. It should be noted that for this analysis the magnitude of floods recorded at the PWD site were 

reduced by 19% as suggested by reassessment of the site rating curve (Section 3.4). 

TABLE 3-5: Historical flood data. 

Time 
Rank Date Comment Interval 

[yr] 

1868 This is reputedly the largest recorded flood, at least in the early period of 10 
record. The rainfall at Mount Peel is said to have been 203 mm in 24 hours 
(Cowie, 1957). 

Sept. 1878 The flood washed out the protective works at one end of Arundel Bridge and 21 7 
also threatened the railway. The flood peak was 4.43 m below existing rail 
level of the railway bridge in mid stream (Scarf & deJoux, 1980). 

1899 This flood destroyed one cylinder of the Arundel Bridge. The flood was 0.15 14 3 
m below the March 19 I 3 flood level at the railway bridge over the north 
branch (Cowie, 1957). 

March 1913 The flood level was 2.95 m below the rails at the middle of the railway bridge 44 2 
over the north branch, 6.05 m below the rails at the north end of the same 
bridge, and 4.90 m below the rails at the south end (Scarf & deJoux, 1980). 
The railway bridge was seriously damaged when some of the piles were 
scoured out (Cowie, 1957). 

27 Dec. 1957 Rainfall gauges recorded 229 mm in 5 hours at Erewhon and 491 mm in 24 22 6 
hours at the Hermitage, Mt Cook (Scarf & deJoux, 1980). Under a 19% 
reduction in discharge given by the new rating curve the peak flow is estimated 
at 2,800 m3s· l

• 

3 Dec. 1979 537 mm of rainfall fell in 24 hours at the Hermitage, Mt Cook. This rainfall 15 4 
intensity has a return period in excess of 100 years (Scarf & deJoux, 1980). A 
60 m length of the approach to Arundel bridge was washed away and Rangitata 
Island farmland flooded (Connell, 1991). The river rose to within 0.8 m below 
the soffit of the Arundel bridge. At the northern approach to the NZ Railways 
bridge the flood level was 6.7 m below the top of the railway lines. The flood 
peak quoted by Scarf & deJoux (1980) is 3,440 m3s·1 ±20%. 

9 Jan. 1994 This flood caused a break-out into the South and Middle branches of the Average 5 
Rangitata River, with subsequent flooding of farmland (Connell, pers. comm.). 

21 
The peak discharge given by the CRC TIDEDA database is 2,964 m3s· l

• 
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A rank was assigned to each of the seven flood events listed in Table 3-5 to give an indication their relative 

magnitude (the largest flood being given a rank of I). This ranking of flood events was based on the sparse 

descriptive data available for each flood event. The time interval between successive floods was also 

calculated and has been presented in Table 3-5. From these data the average period of return of floods 

greater than or equal to 2,300 cumecs is approximately 21 years. 

Using the preferred flood frequency analysis from Section 3.4.3 the return period for a 2,300 cumec flood is 

approximately 9 years. Considering the error associated with discharge measurement at this flow rate (± 200 

m3s·') the possible range of this return period estimate is approximately 7 to 13 years. This does not correlate 

at all well with the analysis of historical floods, and seems to suggest significant error in the estimation of 

flood frequency performed in Section 3.4.3. 

A major improvement in flood frequency estimation, however, is made if the flood frequency analysis is 

performed using the re-rated PWD recorder data. Reducing the flood magnitudes measured during the PWD 

recorder period by 19%, as suggested in Section 3.4, results in a 2,300 cumec flood having a return period of 

approximately 20 years (a return period range of 13 to 29 years over a discharge range of ± 200 cumecs). 

This almost exactly matches the return per!od estimate given by analysis of historical flood events and gives 

further support for the appropriateness of adjusting the PWD record by the suggested amount. The re-rated 

PWD data also result in a much better fit to a Gumbel (EV1) distribution, returning a correlation coefficient 

of R2 = 0.992. The scale and location parameters of the resulting distribution are a = 488 m3s-' and u = 858 

m3s-' respectively. 

Flood frequency analysis based on the re-rated PWD data produces return period estimates significantly 

greater than the previous results. The 2,168 cumec flood of 13 December 1995 now has an estimated return 

period of approximately 15 years (cf 7.6 yr) and the 3,440 cumec flood of 3 December 1979 a return period 

of approximately 200 years (cf 59 yr). This relates to the rainfall intensity measured at the Hermitage, Mt 

Cook which had a return period in excess of 100 years (Scarf & deJoux, 1980). The 100 year discharge given 

by the new analysis is approximately 3,100 cumecs (cf 3,755 m3s-'). 
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3.7. GENERAL COMMENTS 

A further climatic factor worthy of consideration is the effect of global warming on global circulation patterns 

and their influence on the occurrence and magnitude of extreme events. The presently accepted global 

warming scenario is that a generally milder climate will result, with little change in the occurrence and 

magnitude of extreme events (Cherry, pers. comm.). This would tend to suggest that the return period 

estimates of at least the larger flood events would remain largely unaltered under the effects of global 

warming. 

Return period estimates used throughout this dissertation have been based on the preferred analysis of Section 

3.4.3 rather than that based on analysis of the re-rated PWD data. This has been done because the figures 

presented by Scarf & deJoux (1980) are the "official" data for the river and even though there is significant 

evidence that the early data is incorrect they provide a more conservative estimate of flood frequency. 

Further, it was considered inappropriate to quote return periods which were based on a simple reassessment 

of the sparse data available to the author. Further consideration is given in Chapter 7 to the difference 

between the two flood frequency analyses and the implications of this to future management of the intake 

section of the RDR. 

Accurate estimation of flood frequency is crucial to RDR Management Ltd for long term management of its 

assets. Thus, it is important that every effort is made to ensure the accuracy and homogeneity of the Rangitata 

River annual maximum discharge series so that the best possible estimates of flood frequency are available. 

Work is presently being undertaken by the Canterbury Regional Council to reassess the early Rangitata River 

discharge record (Horrell, pers. comm.). While a detailed analysis was beyond the scope of this dissertation, 

is hoped that the work presented here will go some way to assisting this effort. 
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3.8. SUMMARY & CONCLUSIONS 

A flood frequency analysis for the Rangitata River was undertaken using 51 years of official annual maximum 

discharge data over the period 1936-1995 (1958-1966 excl.). The results of this analysis are presented at the 

end of Section 3.4.3. 

Inspection of the Rangitata River annual maximum discharge series, however, shows that the discharges 

quoted for the original PWD stage recorder site which operated from 1936 to 1957 are on average 40% 

higher than discharges recorded after this period. Replotting of the official stage-discharge data given by 

Scarf & deJoux (1980) indicated that, when they reassessed the original rating curve for the stage recorder, 

they were not aware of the single high-flow gauging point taken in 1955. Re-rating the site using the 1955 

data point enabled the discharges quoted by Scarf & deJoux (1980) to be reduced by 19%, to a level not too 

dissimilar to the discharges given by the original rating curve. However, the re-rated PWD recorder data is 

still on average 15% higher than the data recorded after this period. 

A factor which could at least partially explain the remaining difference is evidence of high annual rainfall 

during this early period. Rainfall records at Hokitika show that approximately 25% of annual floods within 

the PWD recorder period could hilVe been enhanced by summer rainfall which was up to 10% greater than 

any other period on record. Changes in the condition of the catchment may also have played some role in 

there being high flood discharges during the PWD recorder period. Some of the difference between the 

means of the early and later data may also simply be attributed to the fmite and disparate data lengths being 

considered. 

Comparison of Rangitata River annual maximum discharges with those of the Waimakariri River indicates the 

appropriateness of the re-rated PWD recorder data and gives support for a wet period during the early record. 

Comparison of the Rangitata River annual flood series with that of the Rakaia River suggests that some of the 

unofficial data in the 1958-1966 period were fabricated and thus that this period should be excluded from the 

analysis. Further, comparison of the CRC and SCCRWB recorder data sets with the Rakaia record tends to 

suggest a discrepancy between the rating curves applied at these two sites. 

Analysis of the occurrence of historical floods (1868-1995) suggests that flood frequency analysis based on 

the present official annual maximum discharge series results in erroneous estimation of flood return period. 

However, re-analysis using the re-rated PWD recorder data results in estimates of return period which agree 

very closely with the observed occurrence frequencies of historical floods. The flood frequency analysis 

based on the re-rated data gives return period estimates significantly longer (less conservative) than those 

given by the previous analysis. Although the re-rated data also results in a much closer fit to a Gumbel (EV1) 

distribution this probably gives no additional support to the appropriateness of the data transformation. 

All indicators seem to suggest that the annual maximum discharge data recorded at the PWD site needs to be 

reduced by approximately 20% of their present value. Further, a reassessment of the data recorded at the 



3-25 

CRC and SCCRWB sites may be necessary in order to ensure homogeneity of the annual maximum discharge 

record. 

3.9. RECOMMENDATIONS 

As a result of the annual maximum discharge record inspection and flood frequency analyses presented in this 

chapter the following recommendations are made: 

I) That the preferred flood frequency analysis presented in Section 3.4.3 be used until a new one based on a 

reassessment of the annual maximum discharge series is undertaken. 

2) That the annual maximum discharge values quoted by Scarf & deJoux (1980) for the PWD recorder be 

reassessed. 

3) That the apparent rating differences between the CRC and SCCRWB recorders be investigated. 

4) That a new "official" flood frequency analysis based on reassessed annual maximum discharge data be 

undertaken and verified with available data on historical flood occurrence. 
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4.1. INTRODUCTION 

4.1.1 General 

A MIKE II computer model was constructed to simulate water surface profiles of flood discharges through 

the Intake Bend reach of the Rangitata River. This information is required in order to identifY flood events 

which will cause overtopping of the Rangitata Diversion Race (RDR) intake structure and/or embankment. 

Modelling the consequences of embankment overtopping, such as breaching of the embankment and down

channel flooding were not undertaken. The risk of occurrence of these floods was assessed using the results 

of the "official" flood frequency analysis performed in Chapter 3. This information is crucial to RDR 

Management Ltd for identification of areas requiring remedial works, long-term asset management, 

contingency planning and for insurance purposes. 

4.1.2 Flood Hazard 

Possible consequences to the RDR canal and associated structures of extreme discharges in the Rangitata 

River are manifold. Overtopping of the RDR intake gates pier may result in damage to the gate lifting 

mechanisms housed on this structure. Overtopping of the RDR embankment itself may have numerous 

consequences depending on the degree of overtopping. Minor overtopping of the RDR embankment by flood 

waters is likely to result in some damage to the embankment crest. Downstream effects in the canal should be 

minimal however; the excess inflow being compensated for by automatic lowering of the intake radial gate to 

achieve a preset discharge in the race. However, the possibility exists at high river discharges for the RDR 

embankment to undergo piping failure due to the large difference in water level between the river and canal. 

[n the event of major overtopping and/or catastrophic failure of the RDR embankment problems are likely to. 

arise from excessive water admission to the RDR canal. Excessive flows in the RDR could cause damage to 

in-race structures such as bridges and weirs. There would also be an extreme risk of down-channel 

overtopping of the race with subsequent flooding of farmland and damage to the canal embankment. This is 

most likely to occur in the vicinity ofthe RDR sand trap where freeboard is minimal. In-race sedimentation 

caused by flood inflows could also require extensive remedial measures. 
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4.2. SELECTION OF COMPUTER MODEL 

Two separate computer models, HEC-RAS and MIKE 11 were assessed for their ability to accurately model 

the hydraulics of the Intake Bend reach. HEC-RAS (Hydraulic Engineering Centre River Analysis System) is 

a one-dimensional, steady state river modelling program developed by the US Army Corps of Engineers 

(USACE). This is one of the USACE's new generation programs which runs within a Windows environment 

and is designed to eventually incorporate a whole suite of established software to provide a comprehensive 

river analysis package. The program is very easy to use and has many user-friendly features and provides 

comprehensive tabular and graphical output to enable easy interpretation of results. The present version of 

the program (Version l.l) is able to perform a simple, fixed-bed, backwater curve analysis on a full network 

of open channels. Although simulation of flow through bridges and culverts is handled, a simple weir 

formulation is not yet available. 

MIKE 11 is an unsteady, quasi-two-dimensional river modelling program developed by the Danish 

Hydraulics Institute (DHI). Two versions of MIKE 11 were available; Version 3.11 which runs within a 

Windows environment, and Version 3.01 which is DOS based. Version 3.11 was initially chosen for its 

slightly enhanced capabilities and more compatible environment. However, after considerable persistence, it" 

was found that this version contained numerous program bugs which precluded its use. 

MIKE II (version 3.0 I) was eventually selected over HEC-RAS because of its greater computational rigour 

and ability to simulate weir flow. 
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4.3. OVERVIEW OF MIKE 11 

As stated previously, MIKE II is an unsteady flow, quasi-two-dimensional river modelling program. The 

core of the MIKE II system consists of the hydrodynamic module which is an implicit, finite difference 

m?del capable of simulating unsteady flows in a network of open channels. The MIKE II hydrodynamic 

module uses the Saint Venant equations (continuity of fluid mass and momentum conservation) to describe 

the characteristics offluid flow (DHI, 1992b): 

Where: Q = volumetric discharge [m3s- l
] 

A = flow area [m2
] 

q = lateral inflow [m2s- l
] 

h = stage above datum [m] 

oQ oA 
-+-=q 
Ox of 

C = Chezy resistance coefficient [m'lls-I] 

R = hydraulic or resistance radius [m] 

a = momentum distribution coefficient [null] 

Solution of the Saint Venant equations is based on several assumptions (DHI, 1992b): 

1) The water is incompressible and homogeneous, ie. negligible variation in density. 

(4-1) 

(4-2a) 

2) The channel slope is small, thus the cosine of the angle it makes with the horizontal may be taken as 

unity. 

3) The wave-lengths are large compared to the water depth. This ensures that the flow everywhere can be 

regarded as having a direction parallel to the bottom, ie. vertical accelerations can be neglected and a 

hydrostatic pressure variation along the vertical can be assumed. 

4) The flow is sub-critical (super-critical flow is modelled in MIKE 11 using more restrictive conditions). 

MIKE II provides a choice between three different flow descriptions based on the Saint Venant equations. 

The "dynamic wave" approach uses the full momentum equation (4-2a), including acceleration forces, thus 

allowing the simulation of fast transients, tidal flows and backwater curves. The dynamic wave description 

should be used where the change in inertia of the water body over time and space is of importance (DHI, 

1992b). 

The "diffusive wave" approach models only the bed friction, gravity force, and the hydrostatic gradient terms 

of the momentum equation. This simplification allows a r,eduction in computation time compared with the 
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full dynamic wave description. The diffusive wave description ignores the inertia terms and is therefore 

suitable for backwater analyses, cases where bed resistance forces dominate, and for slowly propagating flood 

waves where the change in inertia is negligible. The diffusive wave approximation is derived from the 

general Saint Venant momentum equation (4-2a) as follows (DHI, 1992b): 

(4-2b) 

This description still ensures a backwater description through the ihlax term. For stability reasons the ihlax 
term is damped in the solution, which means that only relatively steady backwater phenomena (compared to 

the time-step) are resolved (DHI, 1992b). 

The kinematic wave approach uses the assumption of a balance between the friction and gravity forces. This 

simplification allows a reduction in computation time compared with the full dynamic wave description. 

However, the assumption means that the model can not simulate backwater effects, and thus is limited to 

steep rivers in which these are relatively insignificant (DHI, 1992b). 

All three approaches simulate branched as well as looped networks. None of the three wave descriptions 

includes detailed descriptions of hydraulic jumps. However, the chosen formulations ensure a correct 

description upstream and downstream of the jump (DHI, 1992b). 

For supercritical flow a reduced version of the momentum equation (4-2a) is applied which neglects the 

convective momentum term (DHI, 1992b): 

(4-2c) . 

As long as the flow situation is not changing rapidly compared to the velocity, the description will still remain 

accurate. The advantage is that a stable solution can still be obtained within the same algorithmic structure as 

that used for subcritical flow. For the transition from sub critical to supercritical flow, a gradual reduction of 

the momentum term is made, resulting in a smooth description. Similarly, the differential equation is 

gradually centred upstream as the influence of upstream conditions increases (DHI, 1992b). 

The MIKE II hydrodynamic module solves the Saint Venant equations using an implicit finite difference 

scheme developed by Abbott and Ionescu (1967). The scheme is structured so as to be independent of the 

wave description specified (ie. kinematic, diffusive, or dynamic). A computational grid of alternating Q 

(discharge) and h (water level) points are used and are automatically generated on the basis of user 

requirements. Q points are placed midway between neighbouring h points and at structures. While h points 

are located at cross-sections or at equidistant intervals in between if the distance is greater than the specified 

maximum (DXMAX) (DHI, 1992b). 



4-5 

The model requires external boundary conditions at all upstream and downstream model branches which are 

not connected at ajunction. The relationships applied at these limits may comprise (DHI, 1992b): 

I) Constant values of h or Q. 

2) Time varying values of h or Q. 

3) A relationship between hand Q (eg. a rating curve - only at downstream boundaries). 

Initial conditions can be user specified, obtained from the result file of a previous simulation, or can be 

automatically calculated using the steady state version of the Saint Venant equations from the boundary 

conditions (DHI, I 992b). 

MIKE 11 includes descriptions for a wide range of structures which act as control points. Structures whose 

operation is calculated automatically by the program under all flow conditions are broad-crested weirs, 

culverts (Q-h relations calculated) and dam-break structures. Those structures whose operation is user 

defined under all flow conditions are termed regulating structures. These include both structures with 

predetermined operation such as a pump, (Q = j{t)) and structures for which the operation is a function of 

water level or discharge at other locations, in the model (Q = j{h,Q)). A further structure category includes 

special weirs and culverts (user specified Q-h relations). In this category the operation is calculated 

automatically except for critical flow and free overflow conditions when a user defmed Q-h relation is 

required (DHI, 1992b). 
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4.4. MODEL DATA 

4.4.1 Topographical Data 

Engineering survey of the Intake Bend reach was performed during 1995 using an electronic theodolite 

(EDM). An initial topographical survey of the area surrounding the RDR intake structure was carried out 

between 19-21 March 1995. Survey of the intake weir and cross-sections below the weir was largely 

performed over the period 25-29 June. Cross-sectional survey of the river bed above the intake weir was 

performed on 3 August 1995 using a jetboat and river gauging equipment. Cross-sections were spaced so as 

to describe the significant features of the river. For example cross-sections were located at the crest and 

immediately downstream of riffles, at points where the river narrowed or widened significantly, across the 

RDR intake weir, and at the selected upstream and downstream boundaries. Cross-sectional data from survey 

results have been specified to I em accuracy. Chainage data (distance between cross-sections) are specified 

to I m accuracy. Further information on field data collection is provided in Chapter 2. 

Survey data for the Intake Bend reach are illustrated in Drawings· no. 2 to 4. Figure 4-1 is a modified quasi

three-dimensional HEC-RASplot of the Intake Bend model cross-section data. The plot has been arbitrarily 

aligned along the line of the true left bank of each cross-section and conceptually illustrates the one

dimensional formulation of the computer model. 

Water levels were measured along Intake Bend during the survey of the area. While these levels were 

surveyed at different times, they were fortuitously measured over a reasonably constant flow regime. Water 

level measurements below the weir were made over a four day period in which the flow varied from 46 to 51 

cumecs. Water levels measured above the weir one month later were taken at a river flow of32 cumecs. The 

water level error resulting from this narrow discharge range (19 cumecs) will be reasonably small, and thus 

the surveyed water levels plotted on Drawing no. 4 should be reasonably representative of a discharge of the 

order of 40 cumecs. These data, however, were not useful for accurate calibration of the high river discharges 

intending to be simulated with the MIKE II model. 

The Intake Bend model extends between cross-sections no. 1 to 19. This reach was chosen so as to provide 

sufficient length of channel to model the water surface profile accurately while providing sufficient upstream 

and downstream boundary conditions. The downstream boundary was chosen to be at cross-section no. 19 

because below this point significant flood-channel flow occurred at high river discharges, thus requiring 

modelling of multiple channels. Although a riffle exists at this cross-section, providing some degree of stage 

control at lower discharges, the section represents a less-than-perfect downstream boundary because of the 

effect on water level of flood channel flow immediately downstream. However, no significantly more 

suitable location exists. 
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4.4.2 River Flow Data 

River flow data for the Rangitata River is measured by the Canterbury Regional Council (CRC) using an 

automatic stage recorder in the Rangitata Gorge (site no. 69302) approximately 1.5 km upstream of the Intake 

Bend reach. Stage data from this recorder are telemetered at 15 minute intervals and stored in a TIDEDA 

database. Data from this site have been collected since 13 August 1979. Earlier flow data which exist since 

1936 were recorded on water level charts and while they exist in CRC archives, they have not yet been 

entered into the TIDEDA database. These earlier data were recorded at two different sites, the first site, 

opposite the RDR intake and the other, approximately I km upstream of the present site. Detailed 

information on the hydrology of the catchment and the river discharge record is given in Chapter 3. 

A flood hydrograph analysis was performed in order to ascertain the shape of hydro graphs for particular size 

floods. It was considered that although hydrograph shape would be related to the physical layout of the 

catchment it would also be related to the governing weather systems, and therefore rainfall patterns, which 

result in different magnitude flood events. Hydrograph shape was considered to be possibly an important 

factor in determining maximum flood levels along the Intake Bend reach. It is also important in terms of the 

duration of flooding to be expected for a given maximum discharge. Hydrograph data were extracted from 

Fancourt (1976) for floods between 1967 and 1974, and from Scarf & deJoux (1980) and the TIDEDA 

database for notable floods occurring between 13 August 1979 and 13 December 1995. A selection of flood 

hydrographs from these periods are presented in Figure 4-2. These hydrographs (ranging in peak discharge 

from 576 to 3,440 cumecs) show quite remarkable symmetry, although some variation in the shape of the 

peak is evident. 

The original intention was to select typical (or worst case) hydrographs within a particular flow range and 

scale these so that the peak of the hydrograph equalled the actual flood magnitude being modelled. These 

scaled hydrographs would then be used in the MIKE 11 simulations in order to provide. a more realistic 

representation of flood dynamics and actual peak flood levels. However, in order to test whether such 

accurate modelling was actually necessary, an extreme case was tested. The 28 December 1989 flood (1,539 

m3s-1
; Tr = 3.0 yr) shows a distinct peak not present in the other hydrographs. The maximum flood level 

resulting from this hydro graph was compared against that from a constant discharge at the same peak value. 

The constant discharge gave flood levels which were consistently one centimetre higher than the equivalent 

peaked flood hydrograph. In the context of this study the result is hardly significant and does not warrant the 

time taken to formulate an appropriate discharge hydro graph. Thus, for the rest of this investigation constant 

discharges were used to simulate flood peaks. However, if the duration of flooding, imd other associated 

effects such as sedimentation, were to be investigated then the use of an appropriate flood hydrograph would 

be desirable. 
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4.4.3 Calibration Data 

In order to properly calibrate the computer model a certain amount of calibration data was needed. For this 

purpose a series of staff-gauges were erected along the Intake Bend reach in order to measure the water levels 

at various river flows. 

Staff-gauges were erected at the four locations shown in Drawings no. 2 to 4 and were denoted as A, B, C & 

D. Figure 4-3 shows the typical layout of the staggered staff-gauges at each of the four locations. Each staff

gauge also carried a maximum stage recorder, which consisted of a wooden dowel painted with white water

based paint and housed in a vented plastic tube. Maximum water levels could be read from these dowels by 

measuring the height of the water mark left following the flood. 

The number and location of these staff gauges were decided based on accessibility and on gaining sufficient 

datalor minimal cost. All staff-gauges were located on the true left bank of the river for accessibility reasons 

and because this was the side of interest to the investigation. Staff-gauge "A" was located at cross-section no. 

4 as this was the furthest upstream location which could be reached without considerable difficulty. A site 

above the weir was needed in order to judge whether the upstream water profile was being modelled correctly 

and also to judge the appropriateness of the weir formulation used. Staff-gauge "B" was located at an 

accessible location below the intake weir to help judge the appropriateness of the weir formulation and to 

provide water profile data below the weir. Staff-gauge "D" was located at the downstream model cross

section (no. 19) to provide a stage-discharge relation which could be used as a downstream model boundary 

condition. Staff-gauge "c" was located at cross-section no. 14 (between B & D) to provide more data on the 

general water surface profile below the intake weir. 

A significant flood event which occurred during the course of this investigation provided very useful 

calibration data. The 2,168 cumec (Tr = 8 yr) flood occurred on 13 December 1995. Figure 4-4, Figure 4-5 

and Table 4-1 depict data collected from this flood event. 

TABLE 4-1: 13-14 December 1995 flood level data. 

No. Time Flood Stage (Reduced Level) Discharge 
[NZST] [m] [m\,l] 

13112/95 11 :00 367.l7±0.15 364.42±0.03 361.92±0.02 1330 

2 13/12/95 16:00 368.07±0.05 367.55±0.15 364.82±0.05 362.30±0.04 1756 

3 13112/95 21 :00 368.37±0.15 366.85±0.15 366.07±0.15 363.l4±0.15 2168 

4 14112/95 10:30 t364.92±0.15 362.60±0.15 1050 

5 14112/95 13:30 366.96±0.15 364.95±0.15 363.89±O.l5 361.47±O.l5 910 

6 14112/9517:45 363.20±0.15 360.79±0.15 756 

Gauge Location A A- B- e D 

Chainage [Icrn] 0.593 0.688 1.047 1.215 1.672 

Note: t Possibly an error; may be RL 363.92 m. 
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As can be seen from the above data, flood levels were also measured at locations other than the staff gauges 

mentioned previously. Location "A-", a calibrated pier on the intake gates structure (Figure 4-6), was used as 

an additional level indicator upstream of the intake weir during the flood. 

Location "B", which had only two staff gauges installed (the final one to be bolted to the concrete RDR 

embankment revetment at a later stage) was not able to be used as the staff-gauges were completely 

submerged and eventually washed away during the flood. Location "B-", at the downstream end of the intake 

weir bulldozer track (cross-section no. 12), was used as an alternative gauging point. 

Six sets of water levels were recorded during the 13 December flood. Two were measured on the rising limb, 

one at the peak and three on the falling limb. Each set of levels have been numbered "I" to "6" in order of 

occurrence. Data sets I and 2 were measured from the staff gauges and intake gates pier during the flood. 

The remaining four sets (3-6) were measured from flood levels marked on the river bank at the peak and 

during the falling limb of the flood. As can be seen from Figure 4-5 and Table 4-1 there appears to be an 

error in level 4-C which seems to be approximately one metre higher than it should be. This is more likely 

due to a survey reduction miscalculation than to a river process. Measurement errors were estimated in the 

field for each of the levels recorded on the rising limb of the flood (data sets 1 & 2). Errors in the 

measurement offlood levels at the peak and on the falling limb of the flood were estimated to be ± 0.15 m. 

Estimated errors for each of the measurements are shown in Table 4-1 and Drawing no. 4. 
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4.5. MODEL SET-UP 

4.5.1 General· 

Manning's n values for the reach were estimated to be in the range 0.035 to 0.050 (Hicks & Mason, 1991)1. 

Resistance Factors and Relative Resistance (ie. resistance variation with elevation and along the cross-section 

respectively) were set to 1.0 (ie. no variation) in the MIKE 11 model. The Resistance Radius (R.) definition 

was used instead of Hydraulic Radius (R,,) because of its superior performance with over-bank flows which 

were thought likely to occur on the true right bank terraces below the RDR intake. 

The full dynamic wave flow description was used in all simulations because of its superior accuracy and 

because computation time was not a limiting factor. 

Initial conditions for the simulations were calculated automatically by MIKE 11 using a quasi-steady solution 

to the Saint Venant equations (Auto-Start). However, it was found that these conditions created an initial 

instability which appeared to take approximately ten minutes (model time) to attenuate and generate a stable 

solution. Accordingly, all model simulations were run with their respective constant discharges for ten 

minutes and the final (not necessa~i1y the maximum) water surface taken as the solution. 

4.5.2 RDR Abstraction 

The RDR diverts water from the river at a peak rate of approximately 31 cumecs. This hydraulic feature was 

originally intended to be modelled by using a MIKE II "Regulating Structure" or a negative "Lateral 

Inflow". However, it was realised that this comparatively small abstraction rate made very little difference in 

water level below the intake at the flows being modelled. A preliminary analysis using Manning's equation 

showed that at 1,000 cumecs there was a difference of only 5 cm, and at 3,500 cumecs only 3 cm. This level 

difference was considered insignificant, and thus RDR abstraction was not modelled. 

4.5.3 RDR Intake Weir 

Correct simulation of the RDR intake weir is crucial to the identification of the critical RDR embankment 

overtopping discharge. This is because the weir is located at the head ofthe embankment, where the water 

level is closest to the embankment crest. 

I A value of n = 0.040 was used in most manual calculations perfonned during this investigation prior to the results of 

computer modelling. 
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The RDR intake weir was originally to be modelled using a MIKE 11 "Broad-Crested Weir" formulation. 

However, at the high flow rates being modelled the intake weir is fully submerged, thus discounting any 

advantage of a correct free-overflow weir formulation. The weir was therefore simulated more simply by 

aligning a model cross-section along its crest (cross-section no. 6). 

A major complication arises when the intake weir is attempted to be modelled in MIKE 11, or any one

dimensional program for that matter. This complication arises from the fact that the intake weir crosses the 

channel at an oblique angle. At lower flows, water tends to cross the weir at an angle perpendicular to its 

axis. This means that the weir, or from the river's perspective, the width of the river is equivalent to the 

diagonal length of the weir. Some correction is needed at the weir ends where the water is unable to do this 

because of the channel banks. At higher flows the situation progressively changes. Due to greater fluid 

momentum and flow depth the near-bed flow is deviated less from its course and the surface flow is generally 

unaffected. This means that the weir effectively becomes the same length as the river width. This concept is 

supported by observations of the behaviour of labyrinth weirs (Painter, pers. comm.). The above behaviour 

was also supported by observations in the physical hydraulic model and the general concept is illustrated in 

Figure 4-7. 

From the above description it can be seen that accurate one-dimensional modelling of an oblique weir would 

require intimate knowledge of its particular stage-discharge relationship. If these data were available then 

MIKE II could be used to simulate such a weir through its "Special Weir" formulation. Unfortunately such 

information for the RDR intake weir does not exist, and estimation of a relation from experiments in the 

physical model was not practical because of the measurement errors involved. Simplifications in the model 

weir formulation were therefore required. The measures taken are explained in Section 4.6.1. 

4.5.4 Boundary Conditions 

As described previously, a constant river discharge was used in the model simulations. This formed the 

upstream boundary condition for the model. 

For the downstream boundary condition it was initially intended to use a field determined stage-discharge (h

Q) relation. However, extension of this relationship for the downstream boundary of the model proved to be 

more complicated than anticipated due to the effects of initial flood-channel flow and subsequent back-water 

effects of the channel immediately downstream. Thus, it was decided to use a dummy boundary condition 

(fixed water level) some distance downstream so that the water surface would come to an appropriate level at 

cross-section no. 19 (km 1.672) over the intervening distance. The fixed water level used was RL 358 m, 

which was set at river km 2.500, 0.828 km downstream of cross-section no. 19. The cross-section used at this 

point was a copy of cross-section no. 19 set 4.14 m lower (based on the slope of the river reach below the 

weir). From the results of model simulations (animated water surface profiles) it appears that this fixed water 

level is sufficiently far from the downstream boundary to come to equilibrium at that point during all fl"ow 

regimes. 
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4.5.5 Computational Grid Spacing & Time-Step Selection 

A maximum computational grid spacing DXMAX = 20 m was selected for the model. Selection of this 

spacing was based on the distance between the closest cross-sections (6 & 8) which were 23 m apart, and was 

chosen as being a conservative value to accurately model the water surface profile across the weir. 

Selection of the simulation time-step (~t) is related to the computational grid spacing (ru:) via two equations; 

the Courant Criterion: 

and the velocity criterion: 

~gD+v 
C = I'1t ~ 1 - 20 

r L1x 

_ L1x 
v<

M 

(4-3) 

(4-4) 

Using a Courant number Cr = 1 with a mean velocity v = 5 ms·! and mean flow depth D = 5 m (from 

Manning's equation) and grid spacing ru: = 20 m gave a simulation time-step M = 1.7 s. However, because 

MIKE 11 will only accept time-steps to an accuracy of 0.01 min, a time-step of 0.02 min (1.2 s) was used. 

Checking this result with the velocity criterion gives: 

which is obviously sufficient. 

5 < 20 = 16.7 
1.2 

Thus, a simulation time-step of 1.2 s (0.02 min) was used in all simulations. As explained in Section 4.5.1, a 

simulation time of ten minutes (0.17 hr) was used so that a stable solution was reached. While MIKE 11 

allows results to be saved at any multiple of the time-step, it was considered unnecessary to do this under the 

selected modelling regime. Instead, results were only saved at the end of the simulation (ie. every 500 time

steps). 
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4.6. SIMULA nON PROCEDURE AND RESULTS 

4.6.1 Calibration 

Before the MIKE II model of Intake Bend could be used to accurately predict the RDR embankment 

overtopping discharge is was first necessary to properly calibrate the model. Calibration was carried out 

using stage data from the flood of 13 December 1995 (Table 4-1). Calibration began by attempting to match 

the model water surface profile at the peak flood discharge (Q = 2,168 m3s-1
) with the peak water level data 

measured in the field. After numerous trials it was found that the best solution lay with the following settings: 

I) The weir being modelled at its full diagonal length, rather than the shorter projected length perpendicular 

to the channel centreline. 

2) Manning's n = 0.040 in the reach above the weir and n = 0.048 below the weir, with a transition of n = 

0.044 at cross-section no. 8. 

3) Half of a metre scour at cross-sections no. 4 & 5 (the two cross-sections immediately upstream of the 

weir). 

The weir was modelled at its full diagonal length because using a reduced perpendicular weir gave results 

completely inconsistent with the flood levels. That is, the water levels upstream of the weir were far too high 

with the short weir formulation. The water level in this situation could only be bought close to the correct 

value by reducing Manning's n above the weir to n = 0.025. This value was considered unrealistic for the 

gorge reach. Using the long weir formulation is supported by physical model experiments which showed 

surface flow lines to be still affected by the presence of the weir at discharges of around 2,200 cumecs (but 

not noticeably so at 3,500 cumecs). This weir formulation was also supported by field observations during 

the 13 December 1995 flood which showed distinct water surcharge across the weir caused by the effectively 

wider flow cross-section causing a reduction in flow velocity and an associated increase in water elevation. 

Modelling the effect of scour of bed material immediately upstream of the weir is partially supported by 

comparison of bed levels opposite the intake (cross-section no. 5) between April 1987 and August 1995 

(Drawing no. 3). The 1987 level was on average approximately one metre higher than the 1995 level. This 

could be a seasonal effect (associated with relatively small freshes) or due to a single extreme event. The 

most notable flood in this period was the 2,964 cumec (Tr = 27 yr) flood of 9 January 1994. Scour during 

this event may have been exacerbated by a general flattening or localised scour of the wdr. However, it is 

likely that scour of material behind the weir would be a reasonably frequent occurrence given the relatively 

small size of material deposited here (d50 ~ 6.5 mm). Thus, an average scour depth of 0.5 m was selected and 

applied to the two cross-sections upstream of the weir, where the majority of such fme material appears to be 

deposited. 

By setting the above two factors all that remained was to adjust Manning's n values (to those listed above) so 

that the model profile matched the calibration data. The use of a smaller Manning's n value (0.040 cf 0.048) 
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in the gorge was necessary in order to match the model profiles with the calibration data above the weir. This 

has some justification given the general difference in the type of boundary roughness between the gorge and 

the river reach below. Below the gorge the river bed and banks are characterised by large roughness elements 

(boulders) which are spaced at relatively close intervals. However, in the gorge the boundary is generally 

smoother, but is characterised by much larger rock projections which are spaced at greater intervals. This 

difference in boundary type could result in differing Manning's n values between the two reaches. 

All calibration data and modelling results are plotted on Drawing no. 4. Model calibration profiles are 

annotated according to the number of their field calibration data set. Departures of the model profiles from 

the calibration data are explained below. 

The seemingly erroneous model results at stage measurement locations B- and C can be explained, partially at 

least, by water surface superelevation around Intake Bend. Such effects can obviously not be simulated in a 

one-dimensional model. However, Chow (1959, p. 448) gives the following simple formula for 

superelevation: 

-2 

I'!h = 2.30~ log r" 
g 1'; 

Where : r" = outside radius of river bend [m). 

rj = inside radius of river bend [m]. 

v = average-channel velocity [ms- I
). 

(4-5) 

Using v = 4.0 ms- I
, rj = 640 m and r" = 750 m gives !::J.h = 0.25 m. This results in much better matching of the 

two data points. The fact that the profile error of point B- is less than that of C can be explained by the 

proximity of the RDR intake weir. As explained previously, the oblique weir redirects main channel flow 

away from the outer bank and thus reduces (or negates) bend superelevation in the area immediately 

downstream. This effect obviously attenuates downstream as the flow patterns readjust. The higher stage 

value at D could also be partially attributed to the presence of dense vegetation on the river bank at this 

location which would have slowed local channel velocity to some extent and thus caused a slight rise in water 

level. 

It was recognised that an error exists in the estimate of river discharge at the peak of the flood. In order to get 

a feel for the effect on the water surface profile due to uncertainty in river discharge, three separate discharge 

profiles were modelled. Profile 3a represents the 2,168 curnec discharge quoted by the TIDEDA record. The 

other two profiles (3c & 3d) represent profiles at ±50 cumecs of this value (ie. 2,118 and 2,218 cumecs 

respectively). The difference in profile elevation is obvious, but not greatly significant (Drawing no. 4). 

The fit of the model water surface profile, considering the above factors, is reasonably good. Deviation of the 

model profile at point D is explained below. 
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Following calibration of the MIKE 1 I model with the peak flood discharge, the model was tested with field 

calibration data sets no. 2 and 5 (1,756 and 910 cumecs respectively). The only factor altered in these two 

simulations was the assumption of no scour above the weir. In general the model profiles resulting from these 

simulations corresponded reasonably well with the calibration data. Deviation of the model profiles from the 

calibration data at location D can be explained as follows. Except for profile no. 5 (910 cumecs), the model 

profiles are higher than the calibration data, and the deviation at 1,756 curnecs (profile no. 2) is greater than 

that at 2,168 cumecs (profile no. 3). This deviation is undoubtedly caused by water level draw-down 

associated with flow into the flood channel on the true left bank immediately downstream of cross-section no. 

19. At 1,756 cumecs (profile no. 2) the draw-down is significant because of the steepness of the flood 

channel. However, at the higher discharge (2,168 cumecs; profile no. 3) the draw-down is much less due to 

the influence of backwater effects from downstream. To illustrate the upstream effect on water surface 

profiles from the lower water levels at cross-section no. 19, two additional profiles 2b and 3b were simulated 

with the downstream boundary conditions taken as fixed water levels given by the calibration data. This 

showed the effect not to extend upstream beyond location C (cross-section no. 14) to any appreciable extent. 

This unfortunately does not completely explain the slightly low calibration data for profile no. 2 at point D. 

However, the difference can probably be attributed to a localised hydraulic effect, local channel geometry, or 

simply a staff-gauge reading error: 

Agreement between profile no. 2 and the calibration datum at location A- is very good. However, the profile 

is lower than the measured datum at location A. Model profile no. 5 (910 cumecs) matches the calibration 

data very well except at location A where it is approximately 0.5 m lower. There appears to be a 

progressively smaller deviation of the model profiles from the calibration data at location A as discharge 

increases. This may be due to the following: 

I) A decrease of Manning's n with increasing discharge as shown in some rivers described by Hicks & 

Mason (1991). At point A this variation would need to be from n:::; 0.050 at a flow rate of910 cumecs to 

n = 0.040 at a flow rate of 2,168 cumecs. This does not seem to be unreasonable, but it is not clear why 

such a transition should occur within the gorge while not occurring below the weir. 

2) An error in the weir formulation (the lack of a specific stage-discharge relation for the weir) may explain 

the apparent progressive deviation with discharge. The effect that this would have at higher discharges is 

not completely clear. 

3) An error in the survey data may explain the significant deviation with profile no. 5, and thus the error in 

profile no. 2 may become insignificant. 

The water surface profile upstream of the weir at higher river discharges shows interesting irregularity 

(Drawing no. 4). The distinct dip in the profile at cross-section no. 3 appears to be due to a narrowing of the 

flow cross-section caused by the presence of a rock bluff at this location (Drawings no. 2 & 3). It is possible 

that this dip would not be present in the river during flood due to the effect of bed scour at this location 

increasing the flow cross-section. This proposition is supported by the physical model study of Intake Bend 

(Chapter 5) which showed significant scour to occur at this location during high flood discharges. 
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In general the model profiles match the calibration data reasonably well, considering the effects explained 

above. Further, the good match achieved at the highest discharge indicates that the effects of local channel 

influences decrease as discharge increases, and thus one could infer that higher discharges may be more 

accurately simulated. It is believed that the best calibration possible, with the data available, has been 

achieved. However, the limitations discussed above will need to be borne in mind when judging the accuracy 

of conclusions drawn from the model. 

Collection of further water level data, especially at higher discharges than the 13 December 1995 flood, will 

enable validation and refined calibration of the model. A data collection program for this purpose is 

proposed in Chapter 7. 

4.6.2 Critical Discharge 

With the model satisfactorily calibrated it was possible to calculate the RDR embankment overtopping 

discharge. This was done by simulating numerous discharge scenarios until the water surface profile reached 

a critical level indicative of embankment overtopping. Drawing no. 4 illustrates two lines indicating the top 

of the RDR embankment. The top line is the maximum level of the embankment crest, while the bottom line 

represents the minimum level (ie. lowest point) of the crest. This distinction has been made to get a feel for 

the actual critical level of the embankment. As can be seen from Drawing no. 4, the most critical point along 

the embankment occurs at its upstream end (the embankment head). This is due to the presence of the RDR 

intake weir and the disparity in slope between the river channel and the RDR canal. 

A potential factor in overtopping of the RDR embankment is water surcharge at its upstream end. Estimation 

of the magnitude of this surcharge can be made by assuming complete water stagnation at this point and thus 

addition of velocity head to the water surface elevation head. Velocity head is defined: 

v2 

h =
v 2g 

(4-6) 

Using v = 3 ms· 1 as the estimated maximum velocity near the head of the RDR embankment gives hv = 0.45 

m. This is the exact difference between the maximum and minimum levels of the RDR embankment at its 

upstream end (RL 370.14 m and RL 369.69 m respectively). 

The critical flood level was chosen as RL 369.69 m at the upstream end of the embankment (cross-section no. 

6') (Drawing no. 4). This chosen level is based on several assumptions: 

I) That the maximum surveyed embankment level is not a superficial value and therefore that the 

embankment will effectively retain flood waters below this level. This is largely true for the head of the 

RDR embankment, where the maximum level of the embankment is the top of the concrete revetment 
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work. This protection work is lined behind with a soil bund, race-ward of which the actual embankment 

crest is generally lower. 

2) That superelevation effects are generally insignificant. Superelevation should not be an issue at the head 

of the embankment because it is located at the start of the river bend and also because the intake weir 

tends to negate superelevation effects in its immediate vicinity. 

3) While the effect of surface waves could be a significant factor in the initiation of embankment 

overtopping, the potential effect of these is significantly reduced when the following additional factors 

are considered: 

i) The actual incomplete conversion of velocity head at the upstream end of the embankment, and thus 

a significantly lower surcharge effect. 

ii) The effect of water surface draw-down due to higher velocities created by constriction as water flows 

around the head of the embankment. 

These factors are further supported by the higher embankment crest and revetment level at the head of 

the embankment as it slopes uphill toward the base of the true left river terrace. 

It should be noted that calibration of the model was based on the maximum water level achieved during the 

13 December 1995 flood. Tnis level includes the effect of wave action, and thus the model is implicitly 

calibrated for this effect (through the selection of Manning roughness coefficients), at least for discharges of a 

magnitude similar to the calibration flood. 

Thus, bearing in mind the above factors, the chosen critical water level was considered to be appropriate. 

Any reservations about the validity of the chosen level can be taken into account by applying a factor of 

safety when the simulation results are interpreted. 

Calculation of the critical RDR embankment overtopping discharge was based on the same Manning's n 

values as the calibration profiles. However, the depth of scour and the weir formulation were changed. Scour 

behind the weir at cross-sections no. 4 and 5 was increased to one metre to simulate that expected at the 

higher discharges. The weir formulation was changed to the equivalent perpendicular weir (ie. short weir) to 

simulate the expected flow patterns at higher discharges (Figure 4-7). The critical discharge, ie. the discharge 

which resulted in a water level at the embankment head of RL 369.69 m, was found to be QCril. = 3,650 

cumecs. 

It should be noted that the calculated critical water surface profile below the weir will be higher by up to 

approximately 0.4 m some distance below the weir due to the effect of bend superelevation. However, this 

will be inconsequential because embankment freeboard increases in a downstream due to the discrepancy in 

slope between the river and the RDR canal. 

Due to uncertainties in extrapolating the calibrated water surface profile, and the assumed changes in 

configuration at higher discharges, it was thought appropriate to "frame" the "Likely Case" scenario 

calculated above with other possibly valid "extreme" cases. A "Best Case" scenario, ie. the largest critical 
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discharge and therefore longest return period overtopping flood, was defmed by simply assuming an overall 

decrease in Manning's n along the reach (as shown in some rivers described by Hicks & Mason (1991) under 

increasing discharge). Manning's n in the reach above the weir was reduced from n = 0.040 to n = 0.035, 

while below the weir it was reduced from n = 0.048 to n = 0.042. This scenario resulted in a critical 

discharge of QCrit. = 4,050 cumecs. 

A "Worst Case" scenario, ie. the smallest critical discharge and therefore the shortest return period 

overtopping flood, was formulated by assuming one metre scour of the intake weir as well as the area 

immediately upstream, and a uniform Manning's n for the reach of n = 0.050. This scenario resulted in a 

critical discharge of QCrit. = 3,250 cumecs. 

The frequency of occurrence of the critical overtopping discharge is calculated from the results of the return 

period analysis performed in Chapter 3. It should be noted that the following analysis is based on the 

preferred "official" flood frequency analysis of Chapter 3 rather than that based on a reassessment of the early 

discharge data. Differences in the results of the flood risk analysis, based on which flood frequency analysis 

is used, are presented in Chapter 7. 

The Annual Exceedence Probability (AEP) of a particular discharge (Q), ie. the probability that the discharge 

will be equalled or exceeded in anyone year, is given by: 

AEP = l-e-e 
-(Q~") 

(4-7) 

Where, from Chapter 3, U = 990 m3s· 1 and a= 601 m3s· l
• 

The return period (Tr) of a particular discharge, ie. the average interval in years within which the discharge. 

will be equalled or exceeded, is then given by: 

T=_l_ 
r AEP 

(4-8) 

Using the above formulae, the return periods of the three critical embankment overtopping discharge 

scenarios were calculated. These return periods, their critical discharges and the scenario descriptions are 

presented in Table 4-2. 
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TABLE 4-2: RDR embankment overtopping scenarios. 

Scenario QCrii. AEP Tr Description 
[m3s- 1] [%] [yr] 

Best Case 4,050 0.613 163 I m scour at two cross-sections above weir. In reach above 
weir Manning's n = 0.035, while below weir n = 0.042. 

Likely Case 3,650 1.19 84 I m scour at two cross-sections above weir. In reach above 
weir Manning's n = 0.040, while below weir n = 0.048. 

Worst Case 3,250 2.30 43 I m scour of weir and also at two cross-sections immediately 
upstream. In entire reach Manning's n = 0.050. 

Note: All the critical discharge scenarios used an equivalent perpendicular weir (ie. short weir) fonnulation due to the 

high flows being modelled. 

While the Annual Exceedence Probability (AEP) , or equivalently the Return Period (T,), are useful for 

describing long term mean occurrences of flood events it is also desirable to know the probability of a flood 

event occurring over a specified interval of future time. 

The probability (.I) of a flood being exceeded at least once in N years is given by Linsley et al. (1982) as: 

J= l-(l-AEPt (4-9) 

It should be noted that the above formula not only assumes a binomial distribution of events but also that the 

average long term probability of the event (AEP) is accurately known. Thus, there are two sources of error in 

the resulting probability (.I) which need to be borne in mind. 

Figure 4-8 illustrates the probabilities of there being one or more overtopping discharges over a range of 

years for the three scenarios considered. Data for a selection of time periods are presented in Table 4-3. 

TABLE 4-3: Probability (.I) of one or more exceedence in N years. 

N JBC JLC Jwc 
[yr] [%] [%] [%] 

0.6 1.2 2.3 

5 3.0 5.8 11.0 

10 6.0 11.3 20.8 

20 11.6 21.3 37.2 

50 26.5 45.0 68.8 

100 45.9 69.8 90.2 

The sensitivity of RDR embankment elevation to flood protection was investigated by calculating the change 

in water surface elevation at the head of the embankment for various discharges in excess of the critical 

values previously calculated. The results of this analysis are plotted on the graph of Figure 4-9. 
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4.7. DISCUSSION 

4.7.1 General 

The critical embankment overtopping discharge scenarios presented above appear to be good estimates given 

available historical evidence. Lapping of water over the RDR embankment was reported to have occurred 

during the 3,440 cumec (Tr = 59 yr) flood of 3 December 1979 (Spicer, pers. comm.). Given the error in 

discharge measurement at lower flows (± 5%), the error associated with extrapolation of the stage-discharge 

rating curve, and the effect of bed scour on the estimation of peak discharge, it is likely that at flows of the 

order of 3,500 cumecs the error in discharge estimation would be at least ± 200 cumecs (Connell, pers. 

comm.). By applying this error to the 3 December 1979 flood discharge estimate both the Likely Case and 

Worst Case scenarios presented above are encompassed. There appears to be no historical evidence which 

supports the selected "Best Case" scenario. The selection of which of the two former cases should be applied 

has been left to the reader. 

It should be noted that because RDR abstraction has not been simulated the model will provide slightly 

conservative results, ie. shorter return period, smaller embankment overtopping discharges. 

4.7.2 Interpretation 

Errors inherent to this flood damage risk analysis are manifold and stem from three major sources: 

I) Limitations of the computer model. 

2) Uncertainty in river discharge. 

3) Uncertainty in the appropriateness of the return period analysis and the applied statistical methods. 

Erroneous results from the computer model are greatly magnified in terms of return period, and thus for 

practical purposes it is essential that the model simulate as accurately as possible the river behaviour. 

There are many significant features of river behaviour which the model can not directly simulate. These are: 

1) Scour above weir during flood. 

2) Hydraulics (stage-discharge relation) of the oblique weir configuration. 

3) River bend superelevation. 

4) RDR embankment & pier surcharge. 

5) Surface waves. 

6) River bed aggradation and deposition and bedform formation below weir during floods. 
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However, as has been demonstrated, some effort has been made to account for the above model inadequacies 

and also the inaccuracies river discharge estimation. The fact that two of the three simulated profile scenarios 

falI within the error band of an historical event suggests that the simulations have been performed to an 

acceptable accuracy. Similarly, significant effort has been made to undertake a representative flood 

frequency analysis for the river. Further consideration to the effect on the results of the flood risk analysis 

resulting from the flood frequency analysis is given in Chapter 7. 

4.7.3 Intake Pier Inundation 

From all three "critical" discharge scenarios it appears that the RDR intake gates pier will suffer inundation 

before overtopping of the RDR embankment occurs (considering surcharge effects) (Drawing no. 4). As 

mentioned at the beginning of this chapter the gate lifting mechanisms housed on top of this structure may 

become damaged in the event of overtopping. This may occur through inundation of the electrical equipment, 

siltation of mechanical parts and/or structural damage caused by floating debris or entrained boulders. 

No attempt was made to estimate the frequency with which overtopping of the RDR intake gates pier would 

be inundated under the three discharge scenarios considered. However, it seems obvious that the return 

period of such an occurrence would be less than that of RDR embankment overtopping. Reports that flood 

debris was lodged in the railing of the intake pier following the 2,964 cumec (Tr = 27 yr) flood of 9 January 

1994 supports this statement. 

The major hazard associated with damage to the intake pier arises from an inability to close the intake gates. 

The need to quickly close the intake gates during or following a flood may arise from an accident in the race 

or a breach of the race embankment. The risk of this occurrence and the hazard which it presents will need to 

be assessed by RDR Management Ltd and appropriate preventative measures taken and/or contingency 

measures planned. 

4.7.4 Embankment Elevation 

From Figure 4-9 it can be clearly seen that significant advantage would be gained from even a modest 

increase in the elevation of the. RDR embankment crest. Raising the embankment by only 0.4 m would 

increase the average return period of embankment overtopping by 34 or 82 years depending on whether the 

Worst Case or Likely Case scenario respectively is adopted. 

Given this information it would seem wise to at least maximise the present protection afforded by the RDR 

embankment, as low (or weak) points along the crest will significantly reduce the capacity of the embankment 

to contain flood waters. 
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Fluvial undermining has caused slumping of individual concrete slabs which form the revetment for the RDR 

embankment. Topping-up of these low slabs to a common level would increase the protection offered by the 

embankment as a whole. Increasing the level of the embankment to the top of these concrete slabs would also 

increase the degree of protection offered (as mentioned previously the level of the embankment crest is 

generally lower than the top of the concrete slabs). 

It should be possible to use gravel deposited in the RDR immediately downstream of the radial gate to 

gradually build up the embankment level. This gravel is presently periodically excavated from the race using 

a dragline and is dumped on the river side of the embankment where the river removes that portion spilling 

over the embankment when in flood. Some .of this gravel is carted away for private use, and has also in the 

past been periodically cleared from the embankment by pushing it into the river (possibly in an attempt to 

afford some protection to the river bank). Rather than "wasting" the gravel in this way it could be 

periodically spread along the top of the embankment using a dozer and/or grader. From Drawing no. 4 it 

appears that a 2S0 m length of embankment beginning at the head would benefit from such modifications. 

Similarly, material excavated from the race in the area below the intake during triennial shutdowns could also 

be used. This excavation is usually performed by scraper, with the spoil being deposited in the area around 

cross-sections no. 16 and 17. It should be feasible to use this material to raise the crest level near the head of 

the embankment. Low spots along the embankment, most notably around cross-section no. IS, could also be 

built up in this fashion. 

Obviously, the construction ofa low levee, say O.S to 1.0 m in height along a 2S0 m length of the head of the 

embankment would also significantly increase the protection offered by the embankment. 

A simple analysis of the suggested works could be undertaken to ascertain their cost-effectiveness. 

4.7.5 Embankment Failure 

Embankment failure is possible via two major mechanisms. Firstly, embankment failure may occur during 

overtopping by flood waters whereby the water causes scour of the embankment crest and downstream face 

leading to the formation of a nick-point in the embankment crest followed by rapid breach development. 

Secondly, it is possible that flooding of the RDR canal could occur at a smaller discharge (and therefore at a 

much shorter return period) if a seepage initiated embankment failure occurred. Such a failure could occur 

due to the significant difference in water level between the river and the RDR when the river is in flood. The 

resulting hydraulic gradient set up in the embankment causes movement of water through the embankment 

from the river to the RDR canal. This water movement can cause piping of fme embankment material which 

leads to higher rates of water seepage and thus the movement of larger material. This self-propagating 

mechanism can lead to rapid deterioration of embankment integrity, eventually resulting in mass failure of the 

embankment. 
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Significant seepage through the RDR embankment immediately downstream of the intake radial gate has been 

seen to occur when the river is in flood (Young; Stevens, pers. comm.). As mentioned above, this occurrence 

can have serious consequences, and as such, the problem needs to be addressed promptly. Plans have been 

aired to drill a grout screen along the affected area of the embankment to curb this problem. It has been 

suggested, however, that a surface filter may be a cheaper solution to the problem (Davies,pers. comm.). 

4. 7.5.1 Breach Warning Mechanisms 

It is possible that breaching of the RDR embankment would occur over a relatively short period of time and 

as such it would be appropriate to have some form of warning mechanism installed. It should be possible to 

incorporate a warning device in the intake radial gate float-house that set off an alarm (and/or initiated 

appropriate action) when an rapid increase of water level in the RDR was experienced. A warning could also 

be generated when the water level reached a high level, regardless of the rate of attainment. Such a high level 

may be an indication of excessive embankment seepage and/or the beginning of embankment overtopping. 

This situation is slightly complicated by automatic levelling of the radial gate which maintains a constant 

preset discharge in the RDR canal. Thus, a mechanism would also need to be incorporated which detected a 

discrepancy in the relation betWeen gate level and canal discharge. 

4. 7. 5. 2 Breach Mitigation Options 

In the event of a breach of the RDR embankment it would be necessary to flush as much of this water as 

possible back into the river before damage to race structures or overtopping of the embankment and flooding 

of farmland occurred. It may be possible to use the RDR sand trap dewatering sluice to alleviate such 

flooding problems. A side-spill weir could also be incorporated in the canal embankment near the sand trap 

to act as an emergency release mechanism. This could spill water across less productive, or at least a small 

portion of farmland, back into the river. 

In such a breach situation it may be desirable to admit as much water as possible to the RDR through the 

intake so as to raise the race water level near the intake and thus reduce the amount of vertical scour of the 

embankment. It may then be necessary to spill this extra water through the sand trap. However, it is not 

immediately clear whether this would be an effective option. 
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4.8. SUMMARY & CONCLUSIONS 

A MIKE 11 model of the Intake Bend reach of the Rangitata River at Klondyke was constructed to simulate 

flood profiles which would cause damage to the RDR canal and associated structures. A risk analysis was 

performed based on the results of computer modelling and on a return period analysis of historical flood 

discharges. This information was required by RDR Management Ltd for long-term asset management, 

contingency planning and for insurance purposes. 

The MIKE 11 model was constructed using survey data collected by the author during 1995. The model was 

calibrated using flood level data collected during the 2,168 cumec flood of 13-14 December 1995. The 

model showed sufficiently close agreement with the range of calibration data collected, given consideration of 

effects not directly able to be simulated by the model. However, further flood level data is required to enable 

validation and refined calibration of the model. A data collection program for this purpose is proposed in 

Chapter 7. 

Extrapolation of model results to higher discharges was made by consideration of additional effects likely to 

occur at these higher discharges. Three "critical" RDR embankment overtopping discharge scenarios were 
. . 

formulated to coVer the likely' range of possible solutions (Table 4-2). Comparison of these solutions with 

historical evidence of embankment overtopping during the 3,400 ± 200 cumec flood of 3 December 1979 

suggested that both the "likely Case" and "Worst Case" scenarios were feasible. The decision of which 

scenario to adopt has been left to the reader to decide, based on the knowledge of their requirements, and 

after having read the appropriate sections of this chapter. 

The two "feasible" solutions gave discharges which would result in overtopping of the RDR embankment of 

between 3,250 and 3,650 cumecs. These flows have return periods (Tr == average interval in years within 

which the discharge will be equalled or exceeded) of 43 and 84 years respectively. It should be noted that the 

return period estimate varies considerably depending on the flood frequency analysis selected. This is 

considered in more detail in Chapter 7. The more useful parameter J gives the probability of the flood being 

exceeded at least once in N years. Table 4-4 below shows the probability of the RDR embankment being 

overtopped at least once for a range of time periods for the two feasible solutions considered. The reader is 

referred to Figure 4-8 for results over other time periods. 

TABLE 4-4: Probability (J) of RDR embankment overtopping at least once in N years. 

N [yr] 

1.2 

Jwc [%] 2.3 

5 

5.8 

11.0 

10 

11.3 

20.8 

20 

21.3 

37.2 

50 

45.0 

68.8 

100 

69.8 

90.2 

The sensitivity of the RDR embankment crest level to flood protection was investigated by calculating the 

change in water surface elevation at the head of the embankment for various discharges in excess of the 

critical values previously calculated. The results of this analysis showed that the return period of the 
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overtopping discharge was very sensitive to embankment crest level (Figure 4-9). Raising the embankment 

by only 0.4 m increases the average return period of embankment overtopping by 34 or 82 years depending 

on which of the feasible scenarios is adopted. This suggests that (at least) the most be made of the present 

situation by filling low areas in the embankment crest and topping-up the slumped concrete revetment slabs. 

Similarly, considerable advantage could be gained by constructing a low flood levee along the top of the RDR 

embankment at its upstream end. 

Flood profiles generated by MIKE II under all the scenarios considered showed that the RDR intake gates 

pier would suffer inundation at a lower discharge than that at which the RDR canal embankment would be 

overtopped. Reports that flood debris was lodged in the railing of the intake pier following the 2,964 cumec 

flood of9 January 1994 suggest that such an occurrence would have a return period of the order of27 years. 

Damage to the gate lifting mechanisms associated with flood inundation could present a hazard from the gates 

being unable to be closed in an emergency situation. It is suggested that this be considered and appropriate 

mitigative and/or contingency measures be taken. 

Embankment failure, and associated down-channel flood damage, can occur due to overtopping of the 

embankment by flood waters. However, failure can also occur due to weakening of the embankment caused 

by excessive water seepage .. If this seepage has been ongoing it is possible that embankment failure could 

occur at a much smaller than "critical" river discharge. Significant seepage through the RDR embankment 

has been noticed immediately downstream of the intake radial gate when the river is in flood. It is suggested 

that this seepage be investigated and an effort be made to halt its occurrence. The drilling of a grout screen 

and/or the placing of a surface lining along the affected area of the embankment have been suggested as 

possible solutions. 

Due to the potentially catastrophic nature of an embankment breach during a major flood it is suggested that 

breach warning and mitigation options be investigated and implemented. The intake radial gate float house. 

could be used to generate warnings when an excessively high, or a rapid increase in, RDR water level was 

experienced as this could be indicative of the initiation of embankment failure. The RDR sand trap 

dewatering sluice could be used to flush flood waters from the RDR canal. Similarly an emergency side-spill 

weir could be installed in the vicinity of the sand trap. 
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4.9. RECOMMENDATIONS 

After consideration of the results of computer modelling, numerous site visits and consultation with involved 

parties, the following recommendations are made: 

1) That consideration be given to the relatively high occurrence of inundation of the intake pier and the 

potential for this to result in the inability to close the gates in an emergency situation. 

2) That an effort be made to maximise the present flood protection capacity of the RDR embankment by 

consolidating weak and low lying areas. Also, that consideration be given to the construction of a low 

levee along the embankment crest at its upstream end to increase the flood protection capacity of the 

embankment. 

3) That an attempt be made to stop or reduce water seepage through the embankment from the river to the 

RDR, perhaps through the installation of a grout screen and/or the laying of a surface lining. 

4) That RDR embankment breach warning and contingency measures be investigated and implemented. 

5) That further flood level data be collected to allow validation and/or improved calibration of the model. 
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FIGURE 4-3: Typical staggered tatT-gauge layout. 
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5.1. INTRODUCTION 

A small-scale, moveable bed, physical hydraulic model of the Intake Bend reach of the Rangitata River was 

constructed. The main focus of the physical model was to ascertain, over a range of flow conditions, whether 

or not erosion of the RDR embankment is occurring. If erosion was shown to be a problem the model would 

be used to trial various engineering options to protect the embankment. Some effort was also directed at 

using the model to investigate flow patterns around the RDR intake and sediment admission to the RDR 

canal. 

The investigation of river bank erosion at Intake Bend and the assessment of options for its mitigation are 

well suited to a formal physical hydraulic modelling approach. The reason for this suitability rests in the need 

to model the complex three dimensional interactions between sediment movement, bar formation, river bank 

erosion and hydraulics of the river reach. Such complex dynamic interactions can be reproduced in small

scale physical hydraulic models, but are presently out of reach of computer simulation methods. Warburton 

et af (1995) provide a comprehensive I ist of the advantages of physical hydraulic modelling over computer 

modelling and/or field trials. 
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5.2. MODEL DESIGN 

5.2.1 General Design 

5.2.1.1 Purpose & Extent 

Construction and operation of the physical model was concerned with simulating river bank erosion over an 

860 m reach (cross-sections no. 8 to 19) along the outside of Intake Bend (Figure 5- I & Drawing no. 2). It is 

in this area that concern has been expressed over perceived localised river bank erosion narrowing the RDR 

embankment and potentially threatening integrity of the canal. Flow patterns across the intake weir. (cross

sections no. 7 to 8) would also be investigated because of an assumed relation to downstream bank erosion. 

Some effort (to the extent possible) was directed at investigating flow patterns and river bed morphology 

around the RDR intake structure and intake weir in order to reduce sediment admission to the RDR canal. 

This area is encompassed by cross-sections no. 4 to 8 (220 m). 

The model was therefore required to simulate, with reasonable accuracy, the hydraulic characteristics, 

transport of sediment and lateral bank erosion along a 1.08 krn reach of Intake Bend between cross-sections 

no. 4 & 19. 

5.2.1.2 Bank Erosion Modelling 

The river bed and banks at Intake Bend are comprised mainly of coarse-grained, non-cohesive, alluvial 

deposits. The exposed surface of the true right bank shows clear stratification of sediment resulting from 

historic erosion and deposition episodes. Exposed surfaces of the true left bank however do not appear to. 

show any stratification. This is most probably due to the present left river bank having been constructed 

during excavation of the RDR canal (Figure 5-2 & Figure 5-3). 

Figure 5-4a shows that a typical cross-section of the true left bank area ofIntake Bend consists of four distinct 

zones. Zone A comprises a thin vegetational mat with little or no soil. Zone B represents the exposed river 

bank face, usually around one metre high. Zone C is the bank debris slope which is comprised of failed bank 

material exhibiting a down-slope coarsening trend. At the upstream end of Intake Bend, where the overall 

bank height is less, Zone C is practically non-existent; probably due to the failure of significantly less material 

in each erosion episode (Figure 5-2 cf Figure 5-3). Zone D is the bank toe area and comprises bank-derived 

(colluvial) material which has been depleted of fines, via fluvial entrainment, to form an armour layer. Zones 

C & D form what is termed here the "river bank basal area". 

Physical modelling of river bank erosion requires knowledge of the mechanics of this process in the 

prototype. A brief description of the governing processes and their relation to physical hydraulic modelling 

of bank erosion along the Intake Bend reach are given below. The reader is referred to Appendix VII for a 
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more general discussion. 

The process of river bank erosion is based on a dynamic equilibrium between the near vertical river bank and 

its basal area (Figure 5-4a). Fluvial entrainment of material from the river bank basal area results in scour of 

this region. This process continues, increasing bank angle and height, to a point at which gravitational failure 

of the bank occurs '. Failed bank material replenishes the basal area and acts as a buttress, increasing bank 

stability and, temporarily at least, protects the bank from further erosion. Fluvial entrainment of material also 

occurs at the bank face, but the extent to which this can cause lateral bank erosion is limited by the lower 

water velocities at the bank edge and the limited surface area exposed (that area not protected by basal 

material). Wave action, however, may also assist in entrainment of material directly from the bank face 

(Thorne, 1982). 

The presence of vegetation on the bank surface can also influence the erosion process. However, in the case 

of Intake Bend, the limited size and abundance of bank vegetation enables its effects to be ignored. 

In order to physically model the process of bank erosion with dynamic similarity one needs to achieve 

similarity of both the entrainment and failure mechanisms. Similarity of entrainment should already be 

achieved as it is implicit in the· design 9f the moveable bed model. Achieving similarity of the failure 

mechanism is a more difficult issue. 

The mechanics of bank failure depend not only on the geometry of the bank but also only the structure and 

engineering properties of the bank material. Bank material along Intake Bend, like that of most other river 

banks, is finer grained and more cohesive than the river bed material (Davies, pers. comm.). To enable 

simulation of erosion of this fine material would require increasing the model scale to prevent the formation 

of bed ripples (an undesirable scale effect). Also, the correct scaling of bank cohesion may be practically 

impossible to achieve without altering other bulk physical properties of the bank material, thus destroying' 

similarity ofthe failure mechanism. 

A major draw-back in achieving dynamic similarity of the bank failure mechanism is the scale effect resulting 

from river bank capillary rise. In the prototype river bank, capillary rise will extend some distance above the 

river water surface. However, because capillary rise is a function of bank material particle size, the extent of 

bank affected will be much greater in the model, and will almost certainly result in total saturation of the 

model bank. This effect is important because saturation of bank material alters its bulk physical properties, 

and thus, similarity of the bank failure mechanism will be destroyed. 

In order to avoid the difficulties associated with achieving similarity of the bank failure mechanism, it was 

decided to neglect this process altogether and concentrate on achieving similarity of the entrainment 

mechanism, ie. scour of the river bank basal area. Therefore, the approach taken for the Intake Bend situation 

I Gravitational failure may be assisted by other processes such as pore water seepage from the bank during heavy rainfall 

or on the falling limb of a flood. 
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was to construct a dynamically similar, moveable bed, physical hydraulic model with inerodible banks. The 

extent of erosion of bank basal area material would then be used as a surrogate for the extent of lateral bank 

erosion. In order to simulate the hydraulic effect of the finer grained and therefore smoother bank face a 

slightly roughened plaster layer (smoother than the bank basal area sediment) was used. Figure 5-4b 

illustrates the application of the above concepts in the Intake Bend model. 

Modelling extent of scour of the river bank basal area as an indicator of the extent of lateral bank erosion is 

valid, rather than a mere necessity, for the following reason. The major process which defines the extent of 

lateral bank erosion, which commonly occurs on the falling limb of a flood, is extent of scour of the bank 

basal area during the flood. Thus, modelling the dynamic interaction between basal area replenishment from 

slope failure and basal area sediment entrainment, during a flood event, is not strictly necessary. 

5.2.1.3 Discharge Modelling 

Discharges of concern to the investigation are those associated with investigating flow patterns around the 

RDR intake and weir and those resulting in significant bank erosion. For investigation of flow patterns in the 

vicinity of the RDR intake and weir, very low flows, from the limit of hydraulic dynamic similarity, to 

extreme peak discharges, are- of- interest: For the investigation of river bank erosion it is high discharges 

which are of interest2
. 

For simplicity, modelling of erosion was undertaken using constant flow rates rather than attempting to 

simulate flow hydrographs. This is a valid simplification for several reasons: 

I) The main purpose of the model is to evaluate the effect of different geometry scenarios on river bank 

erosion. Thus, it is necessary to assess this from one or more reference discharge regimes, regardless of 

their particular form. 

2) Processes which are dependent on accurate simulation of time varying flows, such as river bank collapse 

on the falling limb of floods, are (as described in section 5.2.1.2) not being simulated in the model. 

3) Griffiths & Sutherland (1977) provide support for the use of steady flow rates rather than simulating 

discharge hydrographs. In their experiments in model flumes with both steady flows and triangular flood 

hydrographs they found that the total sediment yield from the unsteady case was the same as that from the 

equivalent steady flow hydrographl. Thus, equivalent bed scour volume results from the use of an 

equivalent steady discharge. 

RDR water abstraction was not simulated in the model. This made construction of the model simpler and is 

justified because the maximum abstraction rate (QRDR = 31 mls-I) is only 0.9% - 1.4% of river discharges at 

2 Inferred from channel geometry and the size of bank basal area material. 

J The equivalent steady flow hydro graph is that constant discharge, over the same time period as the unsteady flow case, 

resulting from dividing the total discharge volume of the unsteady case by its time period. 
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which most modelling runs were performed (2,200 - 3,500 m\-I). Thus, the effect of RDR abstraction on 

flow patterns and sediment transport capacity downstream of the intake was assumed to be negligible. 

In the model a prototype equivalent of eight hours constant discharge was used. This time period was chosen 

after consideration of flood hydrographs from the Rangitata River and was selected as giving a suitable length 

of time for sufficient erosion to occur in the model to allow comparison of various discharge and geometry 

scenarios. 

5.2.1.4 Sediment Transport 

In order to further simplity the modelling procedure, simulation of sediment input to the river reach was 

ignored. This meant that a significant time saving in model construction and operation could be achieved 

through not needing to set-up and calibrate a sediment feed device and avoiding the necessity of drying 

sediment between runs. This simplification is also justified for several reasons: 

I) Sediment transported into the Intake Bend reach is much finer than the river bank basal area material 

being modelled within the bend. Carson (1984) quotes dso' = 20 mm (dso" = 0.13 mm) for the bed 

material above the gorge compared with a dso' = 0.5 m measured by the author at Intake Bend. Since it is 

material from above the gorge which will be transported into the Intake Bend reach during floods, and 

considering that it will likely undergo rapid attrition through the gorge4
, it would be unwise to attempt to 

simulate this sediment transport as it would result in problems with cohesion and the formation of bed 

ripples in the model. 

2) Because the bed slope above the gorge is much less than that below (0.15% cf 0.48%), the sediment 

transport capacity through Intake Bend should ensure that any sediment entering the reach is transported 

through it. It was noted that the presence of this material would add to the flow momentum and may 

have some influence on the initiation of motion of bed material within the reach. However, the' 

suspended sediment rating curve for the Rangitata River at Klondyke shows that at a discharge of 1,000 

cumecs the percentage by weight of sediment in the water is only 0.6% (Appendix IV). Considering the 

additional effect of bedload makes very little difference to this figure as it is generally of the order of 

10% of suspended load. Thus, no significant effect would seem to result from the presence of this 

sediment. 

3) Modelling of lateral bank erosion through scour of the bank basal area is concerned only with the 

movement of a small amount of relatively large material forming the armour layer. Modelling is thus 

concerned with a localised redistribution of relatively large bed material rather than significant scour and 

deposition of finer sediment. As such, modelling transient bedload is probably not necessary. 

4 This hypothesis is supported by bed material immediately upstream of the RDR intake weir having a median grain-size 

of dso' = 6.5 mm (d;o" = 43 !-1m): much less that that reported immediately above the gorge. 
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5.2.2 Design Theory 

The theory for design of dynamically similar, moveable bed, physical hydraulic models is developed in 

Appendix II. Dynamic similarity is achieved when the governing dimensionless variables (such as Froude 

number and Shields mobility function) have the same value in the model as in the prototype (river). This 

ensures accurate representation of prototype behaviour in the model. The design method is based on that of 

Yal in (1971) and results in the following scale relations: 

(5-1) 

(5-2) 

(5-3) 

(5-4) 

(5-5) 

Where the scale of a quantity is defined as' the ratio of the model value to the prototype value of that quantity, 

ie: 

x" 
,1,=-

X x' 
(5-6) 

Explanations of the above symbols can be found at the beginning of this dissertation. A model designed 

using the above approach is tenned a "Froude scale modef', after its dependence on achieving Froude 

number identity between the model and prototype. The definition of Froude number is: 

(5-7) 

Froude number is a dimensionless quantity defined as the ratio of fluid velocity to the celerity of a gravity 

wave. For Fr < I the flow is termed subcritical or tranquil and the wave celerity is greater than the flow 

velocity so that ripples on the water surface are able to travel upstream. For Fr > 1 the flow is tenned 

sllpercritical or rapid and small gravity waves can not migrate upstream (Richards, 1982). Fr = I is termed 

critical flow. Froude number is a kind of universal indicator which defines the state of the fluid flow in an 

open channel (Henderson, 1966). 

A condition which must be satisfied for the above scale relations to hold is the existence of geometric 

similarity between the model and prototype. This geometric similarity criterion requires that the model be an 

exact small-scale replica of the prototype (to the length scale). This extends to requiring that the model 

sediment be reduced in size by the same scale while retaining the same distribution of sizes and particle 
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shape. A further consequence of geometric similarity is retention of the same bed and water surface slope in 

the model as in the prototype (5-1). 

A further condition which must be satisfied is the presence of fully developed turbulent flow in the model; a 

state invariably present in the prototype. This requirement rests on the necessity of fluid viscosity becoming a 

redundant parameter when this state is reached. This hydraulic characteristic is the critical factor which 

allows the achievement of dynamically similar, small-scale, physical hydraulic modelling. Strictly speaking, 

small-scale physical models are only partially dynamically similar because similarity only applies in the fully 

developed turbulent flow regime and only to those variables considered in design of the model. 

The threshold value of grain-size Reynolds number at which fully developed turbulent flow (or equivalently, 

rough-turbulent flow) occurs is based on interpretation of the Shields curve. That is, the point at which the 

Shields entrainment function ceases to vary with grain-size Reynolds number. The critical value is commonly 

taken to be in the range 50 s R'> s 150 with the generally accepted value being R'~. = 70. However, 

Ashworth et af (1994) consider that this threshold can be lowered significantly and quote success with values 

aslowasR/~.=15. 

The requiremerit for fully developed turbulent flow in the model results in placing a lower limit on the model 

scale. ie. limits how small the model can be made while retaining dynamic similarity (5-2). 

As part of the design process the scales of fluid density and gravity are necessarily set to unity (5-1), ie. their 

model values are set identical to those of the prototype. This allows the model to be built in the natural 

environment and water to be used as the model fluid. Equality of the sediment density scale (5-1) results in 

the same (or similar) sediment material being used in the model as occurs in the prototype. 

The fluid velocity, shear velocity, hydraulic time and sedimentation time scales are equal to the square root of 

the length scale (5-3). The proportionally higher water velocities in the model resulting from the definition of 

the fluid velocity scale results in model bed-forms which are of a different scale and/or type to the prototype. 

This is discussed in more detail later. Derivation of the above scale relations is given in Appendix II. 

Having established the scale relations and basic requirements for model design it remains to apply this to the 

Intake Bend model. 

5.2.3 Design Process 

Actual design of a physical hydraulic model rests on selection of an appropriate length scale. Equation 5-2 

places a lower limit on this scale to ensure that fully developed turbulent flow is achieved in the model. 

However, a model should also be kept as large as possible, while working within the constraint of available 

construction space (allowing sufficient room for establishment of appropriate inlet and outlet conditions), to 

provide better correlation with the prototype (reduce scale effects). Another factor to consider in selection of 
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the length scale is its direct effect on the flow rate scale and thus the availability of a pump to deliver the 

required model discharges. 

In the case of the Intake Bend model the constraining factor was found to be the space available in which to 

construct the model. The main Lincoln University river modelling flume has dimensions of 20 x 3 x 0.22 m. 

The reach of Intake Bend of interest (including sufficient upstream and downstream distances to provide 

adequate inlet and outlet conditions) is approximately 1.7 km long (cross-sections no. 2 to 21). Construction 

of the Intake Bend model in this flume was complicated by the fact that it represented a long, sweeping, 90° 

bend. This meant that, in order to make maximal use of the available space, alterations had to be made to the 

flume to effectively widen it. This was achieved by placing and joining a smaller (5 x 2 x 0.15 m) flume 

adjacent to the main flume. 

Based on the available construction space, a maximum length scale of 1:150 (ILl = '/'50) was selected. A 

check was then made that the minimum flow able to be modelled with dynamic similarity was less than the 

flows to be modelled for the erosion investigation. This was achieved by back-calculating the "critical 

discharge" from Equation 5-2 using the following equations: 

Where: 

Minimum length scale: 
A = (R:~) 2/3 

I R' 
c' 

Grain - size Reynolds number: 
'd' R' = v, 50P 

c' f.l 

Shear velocity: v: = ~ gD'S ¢:> 

R" R' e' 
e' = A 3/2 

I 

,2 

D'=~ 
gS 

Manning's: 
A'R,2/3 SI/2 

Q'=--
n' 

, _ (B'D,)5/3 SI/2 

Q - (B' + 2D,)2/3 n' 

since: R' =~ 
p' 

R'~, = 70 

p = \03 kgm·3 

S= 0.48% 

A'=B'D' 

ILl = '/'50 

JL = 10.3 Pas 

B'=llOm 

p' =B' +2D' 

d'so = 0.500 m 

g= 9.81 ms" 

n'= 0.040 

(5-8) 

(5-9) 

(5-10) 

(5-11) 

Using the above quantities and sequentially substituting (5-8) to (5-11) results in a minimum prototype 

discharge of Q~lIn = 330 m3s" (Q'~lIn = 1.2 /s"). This minimum discharge is more than adequate for the 

purposes of the erosion investigation. 

Calculation of the minimum discharge above assumes a rectangular channel cross-section (5-11). This is a 

reasonable approximation for the Intake Bend reach of the Rangitata River (Drawing no. 3). Channel slope S 

and channel width B are conservative averages based on field survey data. A model value of grain-size 

Reynolds number R '~, = 70 was used as it is the generally accepted value for the onset of fully developed 
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turbulent flow (Ashworth et ai, 1994). The characteristic Manning roughness coefficient n for the Intake 

Bend reach was estimated from Hicks & Mason (I 99 I). 

The median value of the Intake Bend, river bank basal area, grain-size distribution (d so = 0.500 m) was used 

for design of the model. This value was chosen as being a conservative estimate of the grain-size required to 

model entrainment of river bank basal area material (and therefore bank erosion) with dynamic similarit/. 

The theory of equimobility (ie. entrainment of a wide range of sediment sizes under a narrow range of flow 

conditions) allows certain flexibility in selection of an appropriate grain-size and thus gives some support to 

the conservative value used above. All other variables use generally accepted standard values. 

The maximum discharge expected to be simulated in the model is Q~lIax = 4,500 m3s-1 (Tr = 344 yr). Using 

the scale relation of(5-4) gives: 

2 =_1_= __ _ 
(} VISO 275,567 

(5-12) 

and from: Q"-2 Q'- Q' 
- (} - 275567 , 

(5-13) 

gives Q';lIax = 16.33 IS-I. This is well within the discharge capabilities of the pump installed in the 

main river modeiIing flume. 

Table 5-1 below lists data concerned with the calculation of upper and lower bounds for the model design 

envelope. 

TABLE 5- I: Hydraulic model design data. 

Common 
Data 

Prototype 
Data 

Lower 
Limit 

Upper 
Limit 

s 
[%] 

0.48 

Q' 
[m3s- l

] 

330 

4.500 

g 
[ms-2] 

9.81 

B' D' 
[m] [m] 

110 1.40 

110 6.99 

d'50 
[mm] 

500 

500 

G.,. V A/ 
[null] [m2s- l ] [null] 

2.65 Ix 10-6 1/150 

v' F' r v.' Mr' R~. 
[ms-I] [null] [ms- I

] [null] [nuB] 

2.14 0.58 0.26 0.008 128,598 

5.85 0.71 0.57 0.041 286,947 

5 Armouring of the channel sediment may mean that sediment sizes of the order of d90 may actuaBy control initiation of 

the erosion process. 
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TABLE 5-1 (Cont...) 

Model Q" B" D" d" 50 v" F" r v." M/' R" e* 

Data [IS-I] [mm] [mm] [mm] [ms- I] [null] [ms-I] [null] [null] 

Lower 
1.20 733 9 3.3 0.17 0.58 0.02 0.008 70 

Limit 

Upper 
16.33 733 47 3.3 0.48 0.71 0.05 0.041 156 

Limit 

NOTE: Calculations based on a prototype Manning's roughness coefficient of n' = 0.040. 
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5.3. MODEL CONSTRUCTION, LAYOUT & OPERATION 

5.3.1 Model Construction 

The Intake Bend model was constructed using the main Lincoln University river modelling flume (Figure 5-

6). This flume is a raised, tiltable, recirculating unit with dimensions of20 x 3 x 0.22 m. The flume is based 

on a steel truss structure and is lined with butynol which covers a polystyrene insulating layer employed to 

retain heat in models utilising raised temperature water. To accommodate the 900 bend which forms the 

Intake Bend model the flume had to be widened at the top end. This was accomplished by attaching a smaller 

(5 x 2 x 0.15 m) steel-lined flume. 

The main flume was tilted to the correct slope for the Intake Bend reach, using hydraulic bottle jacks and 

blocks at the upstream end. Scaffolding for the small flume was then erected next to the main flume. The 

scaffolding was constructed using wooden bearers resting on concrete blocks set in sand filled steel drums. 

This provided a stable base onto which the small flume was lifted (Figure 5-6). A gap was cut in the 

adjoining side of each flume to allow the model to make a smooth transition between them. The two flumes 

were then bolted together using steel angle brackets to form a single rigid unit (Figure 5-8). 

Construction of the actual Intake Bend model is illustrated by Figure 5-5. The majority of construction work 

took place in three major stages. 

Stage I involved the formation of model cross-section templates from 50 mm thick polystyrene sheets. This 

polystyrene was used because of its ready availability (left over from construction of the main flume), and 

because of the ease with which it could be handled. The polystyrene was able to be cut with a hand saw or 

hot-wire, and could be easily glued to, and separated from, itself, the butanol of the main flume and the steel. 

surface of the small flume, using silicone sealant. 

Each cross-section template was based on a I: 150 scale reduction of its corresponding river cross-section 

surveyed at the beginning of the investigation (Figure 5-1). The length of right and left bank sections in each 

template was selected based on space available in the flume at that location and on achieving a sufficient final 

bank mass to provide a stable model. The selection of location at which the solid model bank would begin on 

each side of each cross-section was based on the geometry of the bank and the portion of the bank subject to 

vertical scour (Figure 5-4). A low terrace on the true right bank between cross-sections no. 15 & 21 was 

constructed using river bed material in order to ascertain any flood plain morphology during extreme river 

discharges. Left and right bank channel cross-sections were cut to allow a 10 mm concrete coat on the top 

and a 5 mm plaster coat on the inside face. Each cross-section was cut so as to leave a polystyrene template 

which could be used to reform the model channel bed at the end of each run. 

Because of the difficulty of attaining the correct channel slope throughout the bend and because of the uneven 

surface of the main flume, each cross-section was surveyed into place individually using scaled co-ordinates 
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of the cross-section ends. This surveying was carried out by setting up two bench-marks, one at each end of 

the flume, using a theodolite with an Electronic Distance Meter (EDMt and an electronic field-book (Figure 

5-16). The field-book contained a "setting-out" program which allowed the co-ordinates of the cross-section 

ends to be input and the exact plan position of the point to be located on the flume with its corresponding 

required height adjustment. This height adjustment was used to define the height of the cross-section 

template at each end of the cross-section (HL and HR, Figure 5-5). 

Stage 2 involved gluing the right and left bank templates of each cross-section to the flume and boxing around 

them using polystyrene. The space between cross-sections was lined with polythene (to allow easy 

dismantling at a later stage) and filled with concrete. The concrete fill was bulked-out with scrap polystyrene 

to reduce the volume of concrete required and the final mass of the banks. 

Stage 3 involved first removing the polystyrene boxing from the inside face of the channel banks. The top 

surface of the concrete banks were then covered with a 10 rum coat of concrete made using the same gravel to 

be used in the model channel. This surface layer was used to give a uniform bonding coat to the model. The 

use of the channel bed sediment for the mixture was purely due to its availability; the accurate representation 

of bank surface roughness was not required as over-bank flows were not. to be simulated. The exposed 

polystyrene and concrete offhe inside of the channel banks were then coated with a 5 rum layer of fine

grained plaster. While this plaster layer was still wet the model channel was filled with the model bed 

sediment. This gave the final surface of the inside of the channel banks a slightly roughened texture, though 

smoother than the channel bed. This was performed in an attempt to simulate the hydraulic character of the 

finer grained intact bank face. 

Concrete structures present in the model, such as the RDR intake siphon and the RDR embankment 

revetment, were constructed using a fine-grained plaster mix to simulate their hydraulically smooth nature. 

The intake pier structure was constructed from 4 mm plywood, painted and glued to the intake siphon. 

5.3.2 Model/Flume Layout 

Figure 5-6 to Figure 5-8 illustrate the layout of the modelling flume and the Intake Bend model. The 

following description of model and flume layout follows the path of water as it circulates through the model, 

starting at the downstream end. 

The 4.0 kW pump unit draws water from a 1.8 m3 tank and conveys it to the upstream end of the flume via the 

flume main line. Water discharge is controlled by a gate valve attached to the downstream end of the pump. 

A rough indication of flow rate is given by a calibrated propeller flow meter inserted in the flume main line 

several meters downstream of the pump. A constant head supply is available to supplement water drawn from 

the pump tank, and is controlled via a gate valve beside the tank. 

6 Hereafter simply referred to as the EDM. 



At the top end of the flume water is discharged into a v-notch tank where the flow rate can be accurately 

gauged. A steel screen and rock baffle in the tank reduces turbulence caused by discharge from the pipe. 

Tank water level is accurately measured using a vernier point gauge housed within a stilling tube. The v

notch tank can be drained using a valve at the bottom of the tank directly below the v-notch. Water released 

from the v-notch tank or from model leakage can be drained using a siphon hose near the upstream end of the 

main flume. 

The v-notch weir discharges onto a chute which transfers the water into a stilling basin in the small flume at 

the top of the model. A rock mattress in the stilling basin acts as an energy dissipater for water discharged 

from the chute. The stilling basin, formed using polystyrene sides, is designed to reduce the turbulence of 

water flowing into the model. The stilling basin is able to be drained using a pipe and bung arrangement, 

which allows water to flow into the drain at the end of the small flume. Water enters the model over a broad

crested concrete weir (formed using cross-section no. 2) into which two steel guide vanes are set. This inlet 

arrangement is designed to direct water flow straight down the channel and eliminate any large eddies which 

may have been generated in the stilling basin. 

Water flows through the model and exits across a polystyrene weir formed by the downstream cross-section 

(no. 21). A sedimentation basin has been constructed immediately downstream of cross-section no. 21 to trap 

any sediment leaving the model. The purpose of the basin is to prevent sediment from entering the pump 

system and to enable estimation of model sediment throughput. A slot, covered with a mesh fabric to prevent 

piping of subsurface sediment, has been cut in the bottom of the downstream cross-section to enable the 

model to drain between runs. 

After leaving the sedimentation basin water flows to the end of the flume and drops through the flume drain. 

A chute then transfers the water to a sediment trap tank which then returns it to the pump tank. With the 

installation of the model sedimentation basin the sediment tank proved to be unnecessary, but was kept in 

place as a precautionary measure. Both the pump and sediment tanks are able to be drained via control valves 

and drainage pipes at their base. 

5.3.3 Model Operation 

Operation of the model is described here, both for completeness, and to illustrate some of the practical 

difficulties associate with running the model to further justifY some of the simplifications made in the 

modelling procedure. 

To start the model it is necessary to begin with the pump tank full. This is achieved by filling it from the 

constant head supply. The next step is to start the pump and partially open the flow control gate valve. 

Occasionally the pump looses its prime due to leakage and must be re-primed using the bleeder valve in the 

main line adjacent to the pump. 
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It is crucial that the flow rate begins low and is gradually increased to the desired value so that sediment in the 

model is not "artificially" washed away. Another reason for starting at a low flow rate is to allow the flume / 

model system to fill with water. Storage within the flume / model system includes that in the v-notch tank, 

stilling basin, sedimentation basin, sediment trap tank, and the volume of water present in the model at any 

particular time. 

Because the pump tank does not have sufficient capacity to fill the model/flume system, water needs to be 

added from the constant head supply. Ideally this needs to be done at the same rate at which the pump drains 

the tank. This will keep the level in the pump tank constant and thus the flow rate from the pump constant. 

Water needs to be added to the pump tank until flow back into the tank from the model matches the outflow 

rate. 

Once pump tank outflow matches its inflow the flow control valve can be opened gradually over a period of 

time to bring the model flow rate to the required value. This also requires a gradual addition of water to the 

pump tank from the constant head supply to balance the inflow / outflow rates due to increased storage and 

"hydraulic delay" in the flume / model system. If the pump tank inflow / outflow rates are not carefully 

balanced then an undesirable surge is set up in the system which takes some time to attenuate. 

The necessary finite model "run-up time" is a desirable feature which does not adversely affect model 

processes or alter interpretation of results. The "quasi-steady" model discharge during run-up time ensures 

that any bed movement relates to the steady state situation; the scenario being modelled. 

Model flow rate can be monitored from the downstream (pump / flow control valve) end of the flume via the 

main line propeller flow meter. This however gives only a very rough indication of flow rate. More accurate 

judgement of model discharge is afforded by use of the calibrated v-notch tank at the upstream end of the' 

flume. The spatial separation of the flow control valve and the flow measurement device make the initiation 

of a model run logistically difficult for one person, and is more easily managed by two people. 

The difficulty in balancing inflow / outflow rates and allowing for "hydraulic delay" when the model flow rate 

is adjusted is one reason that simulation of flood hydrographs was not attempted in the model. 

A similar, although not as complex, problem exists when shutting the model down. Because the pump tank 

can not hold the entire flume / model system water volume and because the tank drainage pipe is of 

insufficient capacity to handle the peak flow rate, the model can not be shut down instantaneously. Instead, 

the flow control valve needs to be adjusted slowly to reduce model discharge over a period of time. At the 

same time, the pump tank drainage pipe needs to be discharging to balance the tank inflow-outflow rates. 

This finite, quasi-steady, "run-down time" is a beneficial feature because reducing the model flow rate 

abruptly may cause slumping of the model bank basal area to an extent which would not occur in the 

prototype. 
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Given more time, some of the model operational difficulties could have been overcome: 

I) Installation of a ball-cock valve in the pump tank to control flow from the constant head supply would 

have ensured a constant pump head during model start-up. This would allow more constant flow rates to 

be achieved and greatly reduce manual manipulation during start-up. 

2) The removal of the sediment trap tank would reduce the total water volume and hydraulic delay in the 

model/flume system. 

3) The installation of a calibrated mercury tube manometer across an orifice plate in the flume main line 

would allow accurate measurement of model discharge from the downstream, flow control, end of the 

flume. This would enable removal of the v-notch tank at the upstream end of the flume, thus reducing 

even further the flume / model system total water volume and hydraulic delay. However, it may be useful 

to retain the v-notch tank as a back-up flow measurement device to enable occasional checking of the 

orifice plate calibration. This may be necessary because possible sediment accumulation on the upstream 

side of the orifice plate and abrasion of the plate will alter its calibration (Nicolle,pers. comm.). 

Timing of modelling runs relates to the period following the end of run-up time to the initiation of run-down 

time. Any bed movement taking place between the instant of initiation of motion to the end of run-up time, 

and the start of run-down time to the cessation of bed material motion, is considered to be insignificant in 

comparison to that occurring during the official simulation time period. In the case of comparing different 

runs with the same discharge and simulation time, as in the majority of simulation runs, no difference in bed 

material volume transported should exist except that due to changes in model design. 
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5.4. MODEL INTERPRETATION 

Having designed the model it is important to establish its degree of similarity to the prototype, that is, the 

bounds within which the model can be used to deduce prototype behaviour and therefore how model results 

should be interpreted. 

5.4.1 Shields' Analysis 

Plotting both model and prototype data on a Shields curve allows visualisation of the theoretical differences 

in bed-forms and initiation of sediment transport. The Shields curve is a log-log plane of Shields mobility 

function (M,) versus grain-size Reynolds number (Reo). Plotted on this plane is the Shields entrainment 

function (E,), which represents the critical value of Ai, at which sediment transport is initiated (a point which 

plots above the line indicates the movement of sediment, while a point which plots below the line indicates no 

sediment movement). The equations for Shields mobility function and grain-size Reynolds number are, 

respectively: 

, 2 

M = v. 
f (G, -l)gd 

(5-14) 

R = pdv. 
e' 

(5-15) 
/1 

Figure 5-9 is a reproduction of the Shields curve described by Henderson (1966, p. 504). The curved line 

illustrates Shields entrainment function, while the straight lines represent the entrainment threshold and bed 

formation zones proposed by Bogardi (in Henderson, 1966, pp. 504-505). 

Four prototype scenarios and their model equivalents have been plotted on the Shields curve of Figure 5-9. 

The first two scenarios represent to the maximum and minimum discharges calculated above. The other two 

scenarios represent discharges of 2,200 cumecs and 3,500 cumecs. The 2,200 cumec (Tr = 8 yr) discharge 

relates to the 13 December 1995 flood, while the 3,500 cumec (Tr = 60 yr) case relates to the 1979 and 1957 

floods and the flow rate at which most model simulations will be run. For each case a series of grain-sizes are 

plotted to indicate what sizes of sediment are mobilised. 

The Shields plot of data shows several interesting features: 

I) The model data plots within the dunes bedform region while the prototype data indicates the formation of 

antidunes. 

2) A significant proportion of both the model and prototype grain-size distributions are indicated to be 

immobile. 
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3) A greater proportion of the grain-size distribution of the model is mobile when compared to the prototype 

at an equivalent discharge. 

4) A significant proportion of the grain-size distribution only becomes mobile at prototype discharges of the 

order of2,000 cumecs. 

The Shields curve was originally derived from laboratory experiments using fine-grained, uniform-sized 

sediment, during which data was plotted up to Reo = 1,000 (Kennedy, 1995). Considerable scatter was 

present in the original data, allowing different interpretations of the entrainment curve (or "entrainment 

region") (Ashworth et ai, 1994). 

The first point above is probably not significant given the seemingly broad generalisation of bedform regions 

depicted by Bogardi based on Shields' limited experimental data. 

The differences between the experimental situation on which the Shields curve is based and the situation in a 

natural river are quite significant. The effects of sediment armouring, shielding and turbulence present in 

non-uniform sediment will affect the entrainment of individual grains in the real river situation (Gomez, 

1995). Further, extrapolation of the Shields curve beyond the original Reo = 1,000 limit, especially to values 

as high as Reo = 1,000,000, is somewhat speculative. It is possible that mobility of the larger grains of both 

the model and prototype distributions may be better represented by Shields curve than are the smaller grains. 

This is because these larger grains will tend to be exposed at the bed surface as if they were derived from a 

single grain-size distribution; as was the case in Shields' experiments. However, it is noted, as above, that 

extrapolation of results to grains of this size may have limited validity. 

Model runs have indicated that very little, if any, sediment moves at prototype discharges less than 2,500 

cumecs, while at discharges of around 4,000 cumecs the entire distribution appears to be mobile. This, 

partially at least, supports the observation of point four above, but does not concur with point two. 

From the observations above, it can probably be said that although the Shields curve can be a useful tool for 

the general design of physical hydraulic models, it is not as useful for accurately predicting model or 

prototype behaviour. 

5.4.2 Model Bed Material 

The degree of matching between the scaled sediment size distribution for the true left river bank basal area of 

Intake Bend and the sediment actually used in the model is a further factor to consider when interpreting 

model results. 

The model bed sediment was obtained from Fulton Hogan Ltd. It was requested that a mixture of naturally 

rounded river gravels (preferable to crushed material) matching the theoretical grain-size distribution be 
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supplied with as little as possible material below 0.5 mm in size (to prevent formation of ripples in the 

model). The sediment mixture provided was formed by combining several grades of material in selected 

quantities. Rounded river gravel was used to achieve the upper end of the distribution, while the rest of the 

distribution was necessarily constructed using crushed material (Figure 5-11)." 

Figure 5-10 illustrates the differences between the theoretically desirable and physically achieved 

distributions. These differences need to be viewed in terms of: 

I) The appropriateness of the field sampled sediment. 

2) The accuracy of the field sampling technique. 

3) The accuracy of the model sediment sieving technique. 

4) The degree of matching practically achievable. 

The first two issues were discussed in Chapter 2, and it is necessary to assume here that the resulting sediment 

size distribution is a reasonable representation. 

An indication of the accuracy of the sieving technique was provided by sieving multiple samples and 

aggregating the results. The average maximum deviation from the aggregated sample was ±2%. Error bars 

with this range are plotted on the sieve-derived distributions in Figure 5-10. 

From comparison of the two distributions it can be clearly seen that there is significant deviation of the model 

sediment from the theoretically desirable distribution. From the "percentage in class" distribution it is clear 

that significant deviations occur in the following ranges: 0.5 - 1.7 mm where the model distribution has a 

maximum deviation of -6%; I.7 - 4.2 mm (+10%); 4.2 - 7.0 mm (-IO%) and; 7.0 - 12.5 mm (+7%). 

Discrepancies between the grain-size distributions may result in differences in sediment packing, armouring 

and entrainment processes. However, the extent and significance of these changes is difficult to judge. 

The median grain-size, from the "percentage finer" distributions, is almost identical in each case (dso" <::: 3.3 

mm). Considering this, and the fact that the majority of the distribution covers a relatively narrow range of 

grain-sizes, the theory of equimobility would seem to indicate that little effect would result from the 

deviations present. 

Figure 5-10 shows that 10% of model bed sediment is finer than 0.5 mm. However, only 0.8% is finer than 

0.125 mm. Because the percentage tapers off so rapidly and as the 0.5 mm limit was somewhat arbitrary and 

conservative (O.I mm is probably a more realistic figure), the percentage of very fine material is unlikely to 

present problems in the model. 
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No attempt was made to compare the mean or distribution of sediment densities between the model and 

prototype. However, it is considered reasonable to assume that because both sediments are predominantly 

alluvial derived greywacke (with small proportions of quartz and chert) the densities will be similar. 

The distribution of grain shapes of bank basal area sediment along the left bank of Intake Bend could be 

described, according to the classification system of Folk (1974), as covering the entire range of clast form 

from "compact" to "platy" to "elongate". Clast roundness can be described from the classification system of 

Berkman (1989, p. 46), as "sub-angular" to "rounded' (Figure 5-2 & Figure 5-3). The general range and 

distribution of clast shapes is mirrored in the model. However, the model does possess some anomalous clast 

shapes, most notably occasional "very-elongate" or "very-platy" clasts (Figure 5-1 I). The occurrence of 

these occasional anomalous clasts is not expected to alter the sediment transport characteristics of the model 

appreciably. The use of rounded river gravels for the upper end of the model grain-size distribution and 

crushed (more angular) material for the smaller grain-sizes seems to match the shape distribution of the 

prototype material well. 

Achieving exact identity of all sedirrient properties (size, density, shape, etc.) is a practically impossible task 

given the physical, time and financial constraints imposed. It is therefore necessary to attempt to achieve a fit 

as close as possible to the prototype, within the imposed constraints, and bear the resulting approximations in 

mind when interpreting model behaviour. 

5.4.3 Geome~ry 

Providing appropriate inlet and outlet conditions in the model for the reach being investigated is crucial for 

achieving the correct flow conditions within the reach. A 366 m (2.4 m)" inlet reach between cross-sections 

no. 2 & 4 was provided in the model. As described previously, flow direction vanes and a broad-crested weir 

were constructed at cross-section no. 2 to eliminate any over-sized eddies generated in the stilling basin and 

to discourage any strong secondary circulation effects from the near 90° model entrance angle. The inlet 

reach is a straight deep channel and appears to be of sufficient length for allowing the development of 

appropriate flow conditions at the beginning of the modelling reach. Some support for the 90° model inlet is 

a very similar condition in the river not far upstream of the inlet site (Figure 5-1). 

The 274 m (1.8 m)" outlet reach between cross-sections no. 19 & 21 is terminated in the model by another 

broad-crested weir formed by the downstream cross-section. Again, from model trials, this outlet reach 

appears to be of sufficient length not to appreciably affect flow conditions within the modelling reach. This 

model outlet condition is also reflected by the river at cross-section no. 23, where it discharges across a steep 

gravel bar (Figure 5-1). 

The accuracy to which the geometry of the model reproduces that of the prototype is a significant factor in 

achievement of dynamic similarity between the model and prototype. Accounting for the accuracy of field 
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and model surveying techniques and the accuracy to which the model could be physically constructed it is 

estimated that the maximum model geometrical error at any location would be ±4 mm. 

5.4.4 Surface Tension 

Peakall & Warburton {I 995) stress the importance of scale effects resulting from surface tension in smalI

scale physical hydraulic models. They propose that models should be designed to achieve a Weber number 

(defined as the ratio of inertia to surface tension forces) sufficiently large to render these effects negligible. 

The equation for Weber number and the tentative lower limit range proposed by Peakall & Warburton (1995) 

are as follows: 

W = v
2

pD >10-120 
" 

(5-16) 
a 

Where: a = surface tension [Nm- I
] 

15 = mean channel depth [m] 

. v = mean channel velocity [ms- I
] 

Weber numbers for the Intake Bend model and their possible effect on model/prototype similarity are 

discussed in section 5.5.3. 

5.4.5 Summary 

There are many areas in which the model may differ from the theoretically required situation. Many of these 

factors have been discussed previously and are listed below: 

I) Discrepancies in grain-size, grain-size distribution, grain shape and grain density between the model and 

prototype. 

2) Errors in model geometry and inadequate inlet & outlet conditions. 

3) Model simplifications such as: modelling discharge as steady state; ignoring RDR abstraction; modelling 

lateral bank erosion purely by depth of scour of the basal area; ignoring sediment transport into the reach 

(bedload and suspended). 

4) The influence of scale effects such as surface tension. 

5) Errors in model data collection and insufficient operational accuracy. 

The exact effect of these departures from the theoretically desirable situation is very difficult to determine. In 

general all that can be said is that the above factors need to be borne in mind when judging the accuracy with 



5-21 

which the model reproduces prototype behaviour. That is, the degree to which the model becomes generic 

rather than specific. 

It should be kept in mind that very good correlation between model and prototype have been reported in 

models which were constructed with significant departures from the theoretically desirable situation (Yalin, 

1971). The significance of particular model departures from the prototype situation undoubtedly depend on 

the process being modelled. However, the relationships which control these processes are not yet fully 

understood. The result is that physical modelling is to a certain extent, in the present at least, as much an art 

as a science. 

Further consideration of model performance is given in the model validation section which follows. 
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5.5. MODEL VALIDATION 

Before the physical model can be used to predict future erosi~n and accurately simulate various options to 

mitigate this erosion it must first be shown that the model is accurately simulating present river behaviour. 

Verification of a Froude law model requires that flow conditions in the model are rough-turbulent and that 

general Froude similarity of the flow is achieved. From Equation 5-7 it can be seen that equality of Froude 

number between the model and prototype can be shown by equality of flow depth (D) and equality of flow 

velocity (v). 

Validation of the Intake Bend model was based on similarity of Froude number, flow characteristics, and 

channel bed morphology. A check was also made on the likely effect of surface tension on model 

performance. Details of validation of the Intake Bend physical model are given below. 

A log of the significant details of all model runs is provided in Appendix VI. 

5.5.1 Velocity 

Validation of the model velocity scale was carried out by comparison of surface velocity measured during the 

13 December flood and that measured in the model at an equivalent discharge. 

Average water surface velocity in the river opposite the RDR intake siphon was estimated on the rising limb 

(Q = 1,760 m3s- l
) of the 13 December 1995 flood by timing floating debris over the length of the intake gates 

pier. Visual estimation of starting and finishing locations gave a timing distance of x = 28 ± 2 m. The 

average time for floating debris to cover this distance was t = 6.0 ± 0.5 s. This resulted in an estimate for 

average water surface velocity of v" = 4.7 ± 0.7 ms- I
. 

Comparison of the model water surface velocity at the same site at an equivalent discharge (Q" = 6.4 /S-I) was 

performed during modelling run no. 9. Small polystyrene floats were timed over a distance of x" = 0.65 m (x' 

= 98 m) from cross-section no. 4 to just below cross-section no. 5. This resulted in an average model water 

surface velocity of v/, = 0.38 ± 0.03 ms- I
. Converting this to an equivalent prototype velocity using the 

theoretical velocity scale (A.. = 0.08 I 6) gives v,' = 4.6 ± 0.4 ms- I
. 

The high degree of agreement between the measured model and prototype surface velocities is taken as 

successful validation of the velocity scale. 

The above data and further average surface velocities measured in the model between cross-sections no. 10 

and 16 at various discharges during run no. 8 are presented in Table 5-2. An estimate of mean channel 

velocity for each discharge is also tabulated and has been calculated by dividing the surface velocity by a 

factor of 1.25 (Elliott, pers. comm.). This conversion seems to indicate higher average velocities at high 
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discharge than the limiting range of approximately 3-4 ms- I suggested for Mid-Canterbury rivers by Horrell & 

Boraman (pers. camm.). 

TABLE 5-2: Model and equivalent prototype water velocities. 

Q' [mJs-l] 450 1,760 2,200 3,500 

v,n [ms-I] 0.30 ± 0.01 0.38 ± 0.03 0.52 ± 0.03 0.66 ± 0.02 

v" [ms-I] 0.24± 0.01 0.30 ± 0.02 0.42 ± 0.02 0.53 ± 0.02 

v.,.' [ms-I] 3.6 ± 0.2 4.6 ± 0.4 6.4 ± 0.3 8.1 ± 0.3 

v' [ms-I] 2.9±0.1 3.7 ± 0.3 5.1 ± 0.3 6.4 ± 0.2 

5.5.2 Water Surface Profiles 

Validation of mode I water surface profiles was carried out by comparison of the profile measured at the peak 

of the 13 December 1995 flood (Q' '" 2,200 m3s- l
) with that measured during the equivalent model discharge 

(Q" = 8.0 /S-I). 

Model water surface profiles were measured at equivalent prototype discharges of2,200 cumecs (8.0 /S-I) and 

3,500 cumecs (12.7 /S-I) during run no. 8. Profile points were measured in the centre of the channel at each 

cross-section between no. 8 and 19 using a point-gauge mounted prism on the instrumentation gantry and an 

EDM (Figure 5-16). The maximum error in each point of the profile, due mainly to water surface 

irregularities, was estimated at ±2 mm. The profiles are shown in Figure 5-16. A linear regression line 

plotted through each set of data gives an average profile slope of 0.64% for each case. 

Peak flood levels from the 13 December 1995 event were surveyed from flood marks on the river bank. The 

three levels at the peak of the flood which lie within the model measured reach (field measurement locations 

B-, C & D) were reduced to the model reference frame and plotted on Figure 5-16. A linear regression line 

plotted through these three points gave an average prototype flood surface slope of 0.60%. This shows 

extremely good correlation with the equivalent model discharge, and in fact represents a difference in 

elevation of only 2 mm over the 6 m length of model surveyed. This is within the profile measurement error. 

The elevation of each of the prototype profile points lie well within the error band of the model points. Point 

D shows a slightly greater deviation than the other two points which is probably due to water surface draw

down caused by the proximity of the model outlet weir. This high correlation of water surface elevation is 

equivalent to high similarity of water depth between the model and prototype. 

The model was seen to be at the threshold of RDR embankment overtopping at an equivalent discharge of 

3,500 cumecs (Figure 5-13). This gives further support for the accuracy of the model water surface profile as 

lapping of water over the RDR embankment was reported to have occurred during the 3,440 cumec flood of 3 

December 1979 (Spicer, pers. camm.). 
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The high degree of similarity of water velocity and flow depth between the model and prototype suggests 

successful validation of the model Froude number and thus general Froude similarity between the model and 

prototype. 

5.5.3 Surface Tension 

The effect of surface tension on model processes was estimated by calculating Weber numbers at two 

locations within the model at several discharges. Cross-section no. 15 and the in~ake weir were chosen as two 

locations where Weber numbers would be most critical for scale effects on weir dynamics and bank erosion 

respectively. Channel depths were measured at both these locations under equivalent prototype discharges of 

450,2,200, and 3,500 cumecs (Q" = 1.6; 8.0; 12.7 /S-I). Water surface velocities were also measured at each 

of these discharges and converted to mean channel velocity by applying a factor of 1.25. Measurement of 

channel water temperature (T = 13.9 0c) gave a surface tension value of cr = 73.65x 10-3 Nm- I (Holman, 1986, 

p.507). Thus, from Equation 5-15, and using a water density of p = 103 kgm-3
, Weber numbers for each site 

at each discharge were calculated. The results are presented in Table 5-3. Peakall & Warburton (1995) 

tentatively suggest that We be larger than approximately 10-120 in order to reduce scale effects due to surface 

tension. Table 5~3 shows thai at an equivalent prototype discharge of 3,500 cumecs no scale effects due to 

surface tension should exist at any location in the model. However, at a discharge of 2,200 cumecs some 

scale effects may become apparent, more so at the weir. At an equivalent prototype discharge of 450 cumecs 

it is highly likely that scale effects due to surface tension will be present, especially at the weir. 

TABLE 5-3: Model water depths and Weber numbers. 

Q' [mJs-l] 450 2,200 3,500 

Location 15" We D" We 15" We 
[mm] [null] [mm] [null] [mm] [null] 

Weir 10 8 25 60 38 145 

X-sect. no. 15 18 14 35 84 40 153 

5.5.4 Flow Characteristics 

5.5.4.1 Visualisation 

A diluted white water-based paint tracer was used during the modelling procedure to assist with flow 

visualisation. This was done in two ways. Firstly, the tracer was tipped into the water circulation system to 

colour the water. This allowed much better definition of the edge of the water in the model and, at lower 

flows, of water depth. Water surface features were also more discernible with the tracer present. Secondly, 
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the tracer was injected at selected points in the model using a wash bottle. This allowed the introduction of a 

line of tracer which was able to illustrate bulk flow direction and degree of turbulent mixing. 

Small polystyrene floats were also used to give an indication of flow patterns on the water surface. The paths 

of floats were recorded on video and later traced on a model base map to show the model surface flow-field. 

These floats also assisted in visual ising channel hydraulic characteristics such as secondary circulation and 

eddy formation. 

The combined use of floats and paint tracer enabled reasonably comprehensive visualisation of flow 

characteristics through the model reach. 

Flow visualisation in the prototype was performed by field observation and analysis of flood videos and 

terrestrial and aerial photographs of the river. 

5.5.4.2 Validation 

As mentioned previously, it is necessary for the model fluid to be in the rough-turbulent flow regime in order 

for dynamic similarity to be achie~ed. The'presence of rough-turbulent flow is fully determined by grain-size 

Reynolds number (ie. Re* ;:::.: 70). As can be seen from Equation 5-15, the important variables of grain-size 

Reynolds number are grain-size (d) and shear velocity (vo). Shear velocity is itself dependent on flow depth 

(D) and water surface slope (S). Validation of flow depth and water surface slope has already been given in 

section 5.5.2, and similarity of grain-size has been shown in section 5.4.2. Therefore, considering that model 

design was based on achieving a grain-size Reynolds number Reo" ;:::.: 70 by assuming correct scaling of the 

above parameters, and because these parameters have shown to be correctly scaled, it is implied that rough

turbulent flow has been achieved in the model. 

The model showed very good agreement with the prototype in terms of flow patterns in the vicinity of the 

intake weir. Water level draw-down at the true left end of the intake weir, which appears to be caused by 

flow acceleration due to channel constriction at the head of the RDR embankment, is shown in both the model 

and the prototype (Figure 5-13 cf Figure 5-14). 

Figure 5-15 shows a paint trace across the intake weir at low discharge which clearly shows water to flow 

across the weir at a direction perpendicular to its axis. At higher discharges, by using polystyrene floats, it 

can be seen that the surface flow is less affected by the presence of the weir than is the near-bed flow (from 

paint traces). The surface flow observations in the model are supported by observations during field visits 

and from flood videos. 

The above observations, together with water surface profile and velocity observations mentioned previously, 

indicate successful representation of prototype hydraulic behaviour in the model. 
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5.5.5 Bed Morphology 

5.5.5.1 Visualisation 

Measurement of changes in elevation (scour or deposition) of the river bank basal area were made using the 

equipment shown in Figure 5-16. A point-gauge mounted on the flume instrumentation gantry was used to 

measure cross-sectional bed profiles of the model at right angles to the flume main axis. Although cross

sections at right angles to the model axis may have been more appropriate for estimating changes in volume 

the sections measured were more easily achieved and are equally valid for determining changes in bed 

elevation. 

In an effort to speed the overall information gathering and presenting process it was decided to employ the 

use of an EDM and electronic field-book to collect and store the data. This facilitated error free data 

collection and enabled fast transfer of data to computer for graphical interpretation. For this purpose an EbM 

prism was mounted on top of the instrumentation gantry point-gauge. Data collection then involved 

positioning the point~gauge at the required location, lowering the pointer to the bed level, sighting the point

gauge prism with the EDM an<:J pressing the appropriate button. 

Because the EDM operates as a separate entity to the instrumentation gantry, the exact location of the point

gauge relative to a global co-ordinate system is known. This means that errors in positioning of the point

gauge are automatically detected, and can be catered for. Errors in co-ordinate locations from using the EDM 

were estimated at ±0.5 mm. Total measurement error of the cross-sectional surveying technique, including 

estimation of the bed surface (±0.5 mm), was estimated at ± 1 mm. 

Although this measurement system required the use of two people (one operated the EDM while the other 

operated the point-gauge) it was judged to be a better overall system than measuring offsets and elevations 

with the instrumentation gantry point-gauge by hand. 

Following initial trials, two major cross-sectional surveys were carried out as part of model validation runs 

no. 4 & 5. Thirty-four 40 cm long cross-sections spaced at 20 cm intervals were measured. Figure 5-18 

illustrates the locations of these cross-sections within the model. Each cross-section started on the edge of the 

true left concrete bank with points being taken at 5 cm offsets and distinct changes in section. Relatively 

short cross-sections on the true left side of the model were used in order to reduce the required surveying 

effort and because it was erosion of this area which was of interest. The location of each cross-section was 

measured using a tape laid beside the true left instrumentation gantry guide rail. The first cross-section was 

measured just upstream of the RDR intake weir (at 3.4 m) as this was the upstream limit of travel of the 

instrumentation gantry. Cross-sections were measured before and after each model run. Each surveying 

session took approximately five hours to complete (a total of20 hrs for both runs). 

Following indefinite results from runs no. 4 & 5, it was decided that for run no. 8 a different surveying 
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strategy would be adopted. Points within the cross-sections were now measured at I cm offsets, for total 

cross-section lengths of only 14 cm (the bottom two cross-sections were measured for lengths of 24 cm in 

order to gain sufficient coverage of the bank face in that area). Twelve cross-sections were measured, one at 

each field surveyed cross-section from no. 8 to no. 19. In an attempt to increase the repeatability of the cross

sections, a red paint dot was used to mark the exact location of the first point of each cross-section (on the 

edge of the true left concrete bank). This surveying strategy was adopted in order to increase the resolution of 

each cross-section (and hopefully therefore the accuracy of the derived information), while at the same time 

reducing the overall surveying effort. 

Similar to field measurement, surveying of the Intake Bend model cross-sections from discrete measurements 

led to difficulty in interpretation of results. This was due to the high variability of the bed surface which 

arises from the wide range of particle sizes and the large relative size of the largest particles (bearing in mind 

that the larger particles have b-axis diameters of d"= I cm (d'= 1.5 m)). In practical terms this means that a 

small difference in the plan location of a survey point can lead to a major difference in its elevation (Refer 

Figure 5-2 to Figure 5-4). Similarly, a small, relatively insignificant, movement of a bed particle can lead to a 

major difference in interpretation of the cross-section. This resulted in practical cross-section interpretation 

errors which were much greater than physical measurement errors. 

Aside from point-gauging, several other methods were used to determine morphology of the model bed: 

I) Cross-section lines were spray-painted on the bed at intervals along the model (Figure 5-15). This 

enabled visualisation of sediment movement at each cross-section and between cross-sections by 

observing movement of the painted and/or unpainted grains. Similarly, this method allowed judgement 

of the relative scour or aggradation at each cross-section at the end of the model run. 

2) During drainage of the model, ponding of tracer impregnated water was able to illustrate areas of scour 

and deposition and the presence of subtle bed-forms. 

3) Reforming of the model bed at the beginning of each run with the cross-section templates (Figure 5-7) 

was able to indicate generally high or low (aggraded or degraded) areas at each cross-section and 

between cross-sections. 

Bed visualisation in the prototype was afforded by inspection of aerial and terrestrial photographs, cross

sectional survey results, and field observations. 

5.5.5.2 Validation 

The model displayed significant bed scour on the true right side of cross-section no. 3 due to a narrowing of 

the channel at this point (Figure 5-19). This model behaviour is supported by survey results (Drawing no. 3) 

and field observations during winter low flow. 

Deposition of a diagonal sediment lobe extending downstream from cross-section no. 4 to the intake weir 

occurred repeatedly in the model (Figure 5-19). Such a sediment lobe can be inferred from river cross-
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sectional survey data (Drawing no. 3), and appears to be in accordance with downstream bar formation 

patterns. 

Scour was also evident in the model immediately opposite the RDR intake gates (Figure 5-19). This is 

supported by field observations and by the comparison of bed levels opposite the intake (cross-section no. 5) 

between April 1987 and August 1995 (Drawing no. 3). The most obvious explanation for this change in bed 

level is the intervening 2,964 cumec (Tr = 27 yr) flood of 9 January 1994 (Drawing no. 10). 

Some erosion of the RDR intake weir has also been observed in the model. During run no. 2 (5,500 cumec 

equivalent) significant erosion of the weir occurred at the true left end. During run no. 4 (2,200 cumec 

equivalent) a general flattening and spreading of weir occurred, especially at the true left end. Such 

movement of the weir has also occurred previously in the river. This has been mentioned in works records 

and by Young (pers. comm.). Accurate simulation of weir erosion, however, is not as feasible in the model as 

is bank erosion. This is due to the fact that the weir is comprised of relatively large boulders and its stability 

is highly sensitive to the movement of individual boulders. Thus, it is important to match the relative size, 

shape and packing of these boulders accurately; a requirement which is not practically feasible to achieve in 

the model. Thus, while the model weir should be able to simulate a similar type of behaviour to the 

prototype, the exact location of and susceptibility to erosion will not necessarily be accurate. 

Scour along the base of the true right bank immediately below the intake weir was evident in the model 

(Figure 5-19). This appears to be due to oblique flow impingement on the bank caused by the intake weir. 

An indication of such erosion in the prototype is afforded by evidence of significant bank retreat at this 

location. 

Significant scour at the base of the concrete revetment immediately downstream of the RDR intake weir was 

shown in the model (Figure 5-19). Field observations and survey results also indicate this through the 

presence of a deep scour pool and undermining of embankment revetment slabs in this area. Deposition of 

sediment immediately downstream of this scour area was evident in the model and is also shown in the river 

by the presence of a persistent sediment lobe. The seemingly related scour and deposition in this area may be 

associated with the development and subsequent attenuation of a vortex caused by flow separation near the 

head of the RDR embankment (Figure 5-17). 

Zigzag bar formations first were noticed during model draining following run no. 8 (Figure 5-19). These bar 

formations were also seen to be present following subsequent runs. On inspection of aerial photographs it 

was noticed that the same type of bar formations, although of longer wavelength, were present in the river 

(Figure 5-20). The shorter wavelength bar formations displayed in the model may be a result of the high flow 

regime imposed in the model; the noted prototype bed formations being due to a more prevalent lower 

discharge regime. Differences between model and prototype bed material composition could also be a factor. 

From inspection of aerial photographs of the Klondyke reach of the river it appears that such zigzag bar 

formations are common. However, they are generally not present to the extent displayed at Intake Bend. 
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This could be due to the relatively uniform, well confined nature of the bend. The presence of the intake weir 

does not appear to have greatly affected the propagation of these bed forms. 

The above evidence suggests that the model successfully simulates morphology of the river bed at Intake 

Bend. 
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5.6. BANK EROSION TESTING 

Drawing no. II shows a comparison of cross-sections measured before and after model runs no. 4 & 5. Both 

simulations were run for a prototype equivalent duration of eight hours and at prototype equivalent discharges 

of 2,200 cumecs (Tr = 8 yr) and 3,500 cumecs (Tr = 66 yr) respectively. As mentioned in Section 5.5.5.1 

cross-sections were measured at the locations denoted in Figure 5-18 and the mechanical error associated with 

the bed level measurement was estimated at ± I mm. It should also be noted that, as mentioned previously, 

difficulty arises in interpretation of significant bed level changes due to the large relative size of the bed 

material. 

Results for model run no. 4 essentially indicate no significant erosion to have occurred. Seemingly significant 

systematic departures shown in the plot of Drawing no. 11 appear to be due to misalignment of the 

instrumentation gantry used for taking the measurements. Other anomalous results are due to inconsistencies 

in the point-gauging procedure already mentioned. The evidence of no scour during model run no. 4 is 

supported by a similar result in the river during the 2,168 cumec flood of 13 December 1995. No significant 

erosion of the river bank was seen to have occurred following this event. Only superficial material (dso "" 6.5 

mm) excavated from the RDR canal and deposited over the edge of the RDR embankment was seen to have 

been removed. 

Following model run no. 5 significant erosion was shown along the true left bank immediately below the 

intake weir (Drawing no. II). Some deposition was also shown immediately downstream of this site. Other 

profile departures shown in Drawing no. II are due to errors mentioned above. No significant erosion of the 

RDR embankment was seen to occur below this point. 

Following this negative result, a more precise bed measurement technique, as described in Section 5.5.5.1, 

was implemented for run no. 8. This simulation, like the previous, was run for a prototype equivalent 

duration of eight hours at a prototype equivalent discharge of 3,500 cumecs. Figure 5-21 illustrates model 

bank cross-sections measured before and after this simulation. 

Like the previous run, the cross-sections of run no. 8 indicate no significant bank erosion except that at the 

base of the concrete revetment at the head of the RDR embankment. 

To qualifY the above statements, no significant erosion of the unprotected RDR embankment was indicated to 

occur, to the degree determinable with the employed measurement system. It should also be noted that the 

3,500 cumec equivalent flow simulated in the model is an extreme discharge which tested the containment 

geometry of the RDR embankment. Further, the eight hour equivalent duration of the flood discharge is 

significantly greater than would be expected to occur in the prototype. 

Bearing in mind the high degree of correlation of hydraulic and bed features between the model and 

prototype, the lack of significant bank erosion in the model would seem to indicate a lack of the same in the 

prototype. However, as mentioned previously, the model has some inadequacies due mainly to practical 
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constraints. It was therefore considered prudent to treat these results with certain caution and, as a 

contingency measure, to trial, to the extent possible, various erosion mitigation options. This is dealt with in 

the following section. 

Further analysis of bank erosion along the Intake Bend reach is given in Chapter 7. 
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5.7. EROSION MITIGATION OPTIONS 

Due to the fact that no significant bank erosion was detected in the model it was not possible to directly 

compare the effectiveness of erosion mitigation options. Instead, a purely hydraulic comparison of two 

traditional erosion mitigation methods, bank revetment and stub groynes, was undertaken. 

5.7.1 Bank Revetment 

Bank revetment is defined here as any form of bank protection which is afforded by lining the bank with a 

durable material. Thus, bank revetment may take the form of concrete slabs or blocks, gabion baskets, rock 

rip-rap, etc. 

Rock revetment erosion protection was trialed by lining the true left bank of the model with large stones. 

Little difference in flow behaviour was able to be discerned between this situation and the baseline case. A 

diagram illustrating flow-lines for the baseline case is shown in Figure 5-22. 

It is common for bank revetment to result'in scour of the channel bed at the base of the protection, thus 

increasing near-bank channel velocity and resulting in increased erosion of the exposed river bank 

immediately downstream. This appears to have been the case for the rock rip-rap embankment at Klondyke 

Bend and at least partially for the present concrete revetment at the head of the RDR embankment. The 

implication of this characteristic of bank revetment is that it would be necessary to line the entire area affected 

by erosion over a short time period so that risk to the unprotected area downstream is minimised. 

5.7.2 Stub Groynes 

Stub groynes are short rock-lined structures which project into the main flow from the river bank and are 

designed to slow near-bank water velocity to reduce erosion. This type of structure is employed because of 

its ability to protect long reaches of river bank with relatively little material and therefore expense. The key 

to its effectiveness is correct spacing. Jansen et at (1979) state that to be effective at guiding the main 

channel flow a single stable eddy needs to be generated between each pair of groynes. 

Figure 5-23 illustrates the conceptual operation of a groyne field. The basis of its operation is that to generate 

a stable eddy within the field the water surface slope at the bank between the groynes must be negative. This 

is achieved through addition of velocity head (v2
/ 2g) to water surface elevation head at the downstream 

stagnation point. That is, the velocity head at the downstream stagnation point must be at least equal to the 

drop in main channel water surface elevation (SL) between the two groynes. Jansen et at (1979) tested this 

theory in physical model studies of curved channels and proposed the following relation for groyne spacing: 



where: L = groyne spacing [m] 

v2 

SL <0.6-
2g 

S = water surface slope [null] 
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(5-17) 

Jansen et at (1979) suggest selecting a smaller spacing than that given by (5-17) to account for scale effects in 

the physical models used to derive the formula. Thus, in the following analysis, a factor of safety (F.,) will be 

applied to results generated by this equation. 

Jansen et at (1979) state that an elliptical eddy is required to fonn within the groyne field, in which the ratio 

of the length of the major to the minor axis is less than two. Connell (1988), however, who provides an 

overview for the design of rock stub groynes based on experience with mid-Canterbury rivers, states that 

spacing of groynes at about three times their length is generally adequate. The aspect ratio of RA = 3 

suggested by Connell (1988) has been adopted here, as it is assumed that this value considers edge effects of 

the groyne field in limiting the actual size of the generated eddy. 

Selecting a minimum near-bank veiocity (at which the groyne field should become effective) of v = 3.0 ms·', 

using a water surface slope of S = 0.48%, a groyne field aspect ratio of RA = 3 and applying a factor of safety 

of F., = 0.8 to the results of Equation 5- I 7, results (via Equations 5-18 and 5-19) in a groyne length and 

spacing as defined by Table 5-4. 

Stub groyne spacing: 

Stub groyne length: 

L~F 0.6 ~ 
., S 2g 

L 
x~-

RA 

TABLE 5-4: Theoretical length and spacing of stub groynes. 

Discharge Velocity 
[m3s- l] [ms-I] 

Prototype 785 3.0 

Model 2.85x 10-3 0.25 

Length 
[m] 

15 

0.10 

NOTE: Based on an aspect ratio RA = 3; a factor of safety F., = 0.8; and a water surface slope S = 0.48%. 

(5-18) 

(5-19) . 

Spacing 
[m] 

45 

0.30 

It should be noted that using a water surface slope of S = 0.60% (shown by the model at high discharges) 

results in a prototype groyne length and spacing of 13 m and 36 m respectively. This particular geometry was 

not tested in the model due to time constraints, but its probable effectiveness should be borne in mind when 

selecting a final erosion mitigation strategy. 
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Basic construction of stub groynes and sizing of their rock rip-rap is outlined in Connell (1988). Figure 5-24 

illustrates the geometry of stub groynes which could be employed along the Intake Bend reach. This 

geometry is based on that which is typically employed on mid-Canterbury rivers (Connell, 1988). 

Groynes of similar geometry, with the length and spacing specified in Table 5-4, were tria led during model 

run no. 10 (Figure 5-25). The first groyne was placed at cross-section no. 10, and the last, just upstream of 

cross-section no. 16. Figure 5-26 illustrates flow-lines traced in the model during testing of these stub 

groynes. It can be seen that stable eddies were successfully developed between the groynes and that the RDR 

embankment was protected from high velocity main channel flow. Figure 5-26 also shows that protection to 

the river bank was afforded for some distance downstream of the last groyne. This fact is important because 

it implies that stub groynes may be safely implemented in stages without increased threat to the downstream 

embankment. 

As can be seen from Figure 5-25 and inferred from Figure 5-26 significant pressure is applied to the first stub 

groyne in the series. In order to reduce this pressure by providing a smooth transition from the embankment 

revetment to the groyne line, a deflector groyne angled at 30; (with the same perpendiCUlar projection into the 

channel) was substituted for the first stub groyne. Figure 5-27 and Figure 5-28 show the apparent 

effectivene" ofthi, option. .. I 
Scour at the head of some stub groynes was noticed in the model. The most notable scour, however, occurred 

at the head of the deflector groyne. Scour at this location is likely to be due to flow acceleration at this point 

caused by effective constriction of flow width. Clarke & Daniel (1986), from experience on Westland rivers, 

note the importance of likely scour depth on the design and maintenance of rock work. They mention an 

initial settling period when rock is first placed and the need to top up such structures after this has occurred. 

Periodic ongoing maintenance of rock structures was also found to be necessary. 

During testing of groynes in the model it was noticed that they seemed to increase local flood height. This is 

probably due to the surcharge effect of the groynes, increasing local water levels through conversion of 

velocity head. It is possible that this could increase local flood height in the river by around 0.5 m. This 

effect is more of a threat at the upstream end of the groyne line where embankment freeboard is less. 

5.7.3 Comparison 

Comparison of the two options considered is made difficult because it could not be made directly in terms of 

their effectiveness at preventing erosion. 

The stub groynes tested in the model appeared to be effective in preventing high velocity near-bank flow 

which causes lateral erosion. The groynes also appeared to be able to be implemented in stages without 

increasing risk to the exposed embankment downstream. This feature may be both practically and 

economically advantageous. 
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It is not completely clear whether the amount of material and time required to construct the groynes would be 

more or less than that required by simple bank revetment. The difference in ongoing maintenance costs is 

also uncertain. Thus whether any direct economic advantage exists with either option is unclear. 

Surcharge effects caused by the presence of groynes would be a significant issue for flood discharges of the 

order of 3,500 cumecs (T,. = 66 yr) as this could initiate overtopping and subsequent failure of the RDR 

embankment. Thus, if the groyne option is chosen, it may be deemed necessary to increase the effective crest 

height along the upstream portion of the embankment where freeboard is minimal. 

For bank revetment, the length of embankment which would require continuous lining in the short term 

stretches from cross-section no. 10 to 14 (:>:: 300 m), with possible extension in the long term to cross-section 

no. 19 (an approximate total distance of 760 m) (Figure 5-20). 

It is possible that significant erosion of the river bank immediately downstream of the protected area would 

occur as a result of the extensive length of embankment lined. However, this could possibly be mitigated 

through the placement of a short deflector groyne at the downstream end of the structure. Surcharge created 

by this groyne should be inconsequential because of the greater embankment freeboard at this location. 

The type of bank revetment selected could take several forms: 

1) Concrete slabs overlaying gabion baskets, similar to the present -protection at the head of the 

embankment. 

2) Gabion baskets (and/or Reno mattresses). 

3) Placed rock rip-rap. 

4) Interlocked tetrapods, concrete blocks, etc. 

It is possible that a combination of the two options considered could be employed effectively. An extension 

of the upstream bank revetment leading to a downstream deflector groyne followed by a line of stub groynes 

may be the most suitable option. 

Clarke & Daniel (1986) mention the successful use of spur groynes (short stub groynes) in protecting long 

sections of river bank by holding the current out from the eroding bank. While this method is able to be 

performed at reduced cost it is also associated with increased risk, both to the spurs and to the river bank. 

Due to the expense of importing suitable rock for construction of erosion mitigation structures it has been 

suggested that concrete blocks, slabs or tetrapods be used instead. These could be constructed on-site using a 

portable concrete batching plant and gravel excavated from the RDR canal (Young, pers. comm.). 
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The selection of an appropriate bank protection measure will need to be assessed on the basis of the extent 

and intensity of erosion as well as on the cost-effectiveness of the available options. The extent and intensity 

of erosion need to be assessed through close monitoring of the river bank. A proposed erosion monitoring 

program for this purpose is presented in Chapter 7. Preliminary design and costing of various bank protection 

measures could be carried out in the immediate future so that timely implementation of an appropriate option 

(ifany) could be undertaken following results of the monitoring program. 
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5.8. WEIR ALTERATION OPTIONS 

In order to assess the effect on sediment admission to the RDR canal, and on downstream erosion, several 

alterations to the RDR intake weir were trialed in the model. 

5.8.1 Perpendicular 

A weir aligned perpendicular to the channel center line extending from the head of the RDR embankment was 

trialed during model run no. II. A photograph of this situation and the resulting flow-lines are illustrated in 

Figure 5-29 and Figure 5-30 respectively. 

This weir alignment was tested at a prototype equivalent discharge of2,200 cumecs. Due to the shorter crest 

length compared with the baseline case the water level behind the weir was significantly greater, and caused a 

degree of inundation at the intake pier equivalent to 3,500 cumecs in the baseline case. Higher water velocity 

over the weir (due to its shorter length) caused significant scour of the downstream face of the weir (Figure 5-

29) and of the channel bed and both banks. Less scour was seen to occur in front of the RDR intake gates and 

less aggradation on the true right side of the channel upstream of the intake weir. That is, cross-sections 

opposite the RDR intake displayed more uniform depth. 

For the reasons of increased inundation of the intake gates and increased erosion of the weir, river banks and 

river bed, this weir alignment is not considered a viable future option. 

5.8.2 Opposite Oblique 

An oblique weir aligned at an angle opposite to the baseline case was trialed during model run no. 12. The 

weir extended from midway along the downstream portion of the intake siphon on the true left, to midway 

between cross-sections no. 9 & lOon the true right. A photograph of this situation and the resulting flow

lines are illustrated in Figure 5-31 and Figure 5-32 respectively. 

This weir alignment was tested at a prototype equivalent discharge of 2,200 cumecs. As can be seen from 

Figure 5-32 and partially from Figure 5-31 this weir alignment causes increased flow impingement on the true 

left bank. This results in greater pressure on, and scour at the base of, the RDR intake siphon, RDR 

embankment and any potential erosion mitigation structures implemented in the future. Higher flood levels 

were also noticed in the model at the intake pier because of the closer proximity of the true left end of the 

weir. For the above reasons this weir alignment is not considered a viable future option. 
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5.8.3 Angle Adjustment 

In order to provide a smoother transition of flow between the weir and the stub groynes tria led in run no. 10 

the true left end of the intake weir was moved downstream a prototype equivalent distance of approximately 

80 m so that it formed a more acute angle with the channel centre line. A photograph of this situation and the 

resulting near-bank flow-line are illustrated in Figure 5-33 and Figure 5-34 respectively. 

This weir alignment was tested at prototype equivalent discharges of2,200 and 3,500 cumecs and was found 

to perform well, with no obvious detrimental effects. 

5.8.4 Sluice Gaps 

Sluice gaps at various locations along the weir were trialed during model run no. 6. These gaps were placed 

so as to provide a definite channel thalweg across the intake weir in an attempt to draw bedload away from, or 

past, the RDR intake gates and thus reduce sediment admission to the RDR canal. However, in all cases, the 

high water velocities generated within the sluice gaps caused significant scour of the channel bed and 

associated disintegration of the weir structure, especially at high flows. Thus, it is recommended that sluice 

gaps are not deliberately implemented in the weir in the future. 
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5.9. SUMMARY & CONCLUSIONS 

A I: 150 scale, moveable bed, physical hydraulic model of the Intake Bend reach of the Rangitata River was 

built to investigate erosion of the RDR embankment, and to the extent possible, sediment admission to the 

RDR canal. 

The hydraulic characteristics and bed morphology of this model were successfully validated using field data 

from the 2,168 cumec flood of 13 December 1995, reports from the 3,440 cumec flood of3 December 1979, 

and evidence from field visits, surveys and aerial photographs. 

River banks of the model were constructed of inerodible material and lateral bank erosion was inferred from 

the degree of vertical scour of bed material adjacent to the bank. Cross-sectional surveys of the model 

following flood simulations detected no significant bank erosion to be taking place. This result was prevalent 

even under an extreme prototype equivalent discharge of3,500 cumecs (Tr = 66 yr) for a prototype equivalent 

duration of 8 hrs. At thi.s flow rate water is at the threshold of RDR embankment overtopping. Further 

analysis ofRDR embankment erosion at Intake Bend is given in Chapter 7. 

As a contingency measure two erosion mitigation options, bank revetment and stub groynes, were trialed on a 

purely hydraulic basis. No discernible difference, in terms of flow geometry, could be found between the use 

of rock bank revetment and the baseline case. In terms of prototype measurements, 15 m long rock stub 

groynes spaced at 45 m intervals were found to be successful in keeping high velocity erosive water away 

from the channel bank. The use of a 30° deflector groyne at the head of the groyne line, at the end of the 

present embankment concrete revetment, was found to smooth the transition of flow from the embankment to 

the groyne heads. 

Various bank protection measures could be implemented at Intake Bend. Selection of an appropriate bank 

protection measure will need to be assessed on the basis of the extent and intensity of erosion as well as on 

the cost-effectiveness of the available options. The extent and intensity of erosion need to be assessed 

through close monitoring of the river bank. A proposed erosion monitoring program for this purpose is 

presented in Chapter 7. Preliminary design and costing of various bank protection measures could be carried 

out in the immediate future so that timely implementation of an appropriate option (if any) could be 

undertaken following results of the monitoring program. 

Several changes to the geometry of the RDR intake weir, in an attempt to reduce sediment admission to the 

RDR canal, were also tested in the model. It was found that the present RDR intake weir alignment gave the 

best overall performance. However, in the event of groynes being used to mitigate bank erosion, it was found 

that benefit would be gained from moving the true left end of the intake weir downstream so as to form a 

more acute angle with the channel, thus providing a smoother transition of flow from the weir to the groyne 

head. 



-- ----=== 
Aerial photograph mosaic of Intake Bt!nd showing surveyed cross-sections. 
Flo\\n 13 November 1995 (DNRE :1 2). Flow from top to bottom . 
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. Il7l7u/u/io/ls A) old PWD stage recorder: B) RDR intake gates pier and intake siphon: C) 
RDR intake weir: D) RDR intake radial gate: E) RDR: F) RDR intake radial gate float-house . 
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FIGURE 5-2: River bank erosion on the true left bank of Intake Bend. viewed from cross-section no. 
Photograph taken mid Januar) 199-1: river discharge approximately 200 cumecs. 

RE 5-3 : River bank erosion on the true left bank of Intake Bend. viewed from cross-section no. 
Photograph taken 23 December 1995: river discharge approximately 500 cumecs. 
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FIGURE 5-4: A) Typical left bank cross-section at Intake Bend and B) its model equivalent. 
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FIGURE 5-6: Downstream end of main river modelling flume . 
. ..J111101O!i0I1,1' : A) flume water suppl) line and control valve: B) pump tank drainage pipe and 
control valve: C) pump tank: D) pump tank overflow pipe: E) pump and motor unit: F) pump 
flo\\' control valve and main water line to top end or flume: G) pump power supply controls: H) 
main lIater line nOli meter and calibration chart: I) sediment trap tank: .J) sediment trap tank 
drainage pipe and control \alve: K) drainage chute: L) flume drain. 

FIGl 'RI: 5-7: Intake Bend ph)sicalmodellooking upstream . 
. ·/11110!U! i0I1.1 /\) dOli n~tream sed imcntat ion bas in: B) po Iystyrcnc cross-~ect ion templatcs for 
bed forming: C) ~ mall Iluillc scarfolding. 



FIC,URI ·: 5-R: UpstreCIIll cnd ofmodclling flumc and Intake Bcnd physical model. 
Al1l1nlalinl/l" : 1\) water supply pipe: B) v-notch tank: C) tank bartlc: D) point-gauge and stilling tubc: E) v-no tch wcir: f) v-notch chute: 
Co) \-notch tank drain valve: II) main flume : I) small flume and locating bracket: J) upstream water stilling basin: K) stilling basi n drain : 
I.) small flume drain: M) !lo\\' direction vanes: N) [DM prism over upstream bench-mark: 0) cross-section location lines: P) main flumc 
leakagc siphon . 
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FIGURE 5-9: Shields curve plot of model and prototype data. 
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FIGURE 5-10: Comparison of scaled prototype and model grain-size distributions. 



FIGURE 5-1 I: Selection of Intake Bend ph~ sica l model bed sed iment. 
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FIGURE 5-13: ModellVater su rface in vici nit: or intake \\'eir during 3.500 cumec equivalent discharge. 

FIGURE 5-1-1: Water surface at embankment head during flood of 13 December 1995. 
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FIGURE 5-15: Tracer test showing flow-line across weir at low discharge . 

FI(iL IRE 5-16: Modelilleasureillent apparatus . 
. -Il7l1%/i(J/1.\ : A) theodolite (EDM): 8) electronic field-book: C) point-gauge Illounted prism: 
[)) instrull1entation gantr.'. 
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FIGURE 5-17: Paint trace showing no\\' separation at the head of the RDR embankment. 
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FIGURE 5-18: Location of model bed measurement cross-sections for runs no. 4 & 5. 
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KEY: 
'S' = Scour 
'0' = Deposition 

SCALE (App,ox.) (1: 42) 
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FIGURE 5-19: "Typical bed formations" traced during model run no. 8. 

Oblique centre-lines denote axes of bar formations. 
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RE 5-20: Aerial photograph mosaic of Intake Bend (ONRE :;3. 25 March 1996). 
Oblique centre-lines denote axes of bar formations . 
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SCALE (Appro,.) (1 :42) 
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FIGURE 5-22: Surface flow-lines traced during model run no. 9. 
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FIGURE 5-23: Theoretical spacing of stub groynes. Adapted from Jansen et al (1979). 
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RE 5-25: Srub gro~ ne tesring during model run no. 
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FIGURE 5-26: Flow-lines traced during stub groyne testing in model run no. 10. 
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FICil lRE ':>- '27: Testing of deflector groyne during model run no. 10. 

j· j(il ' RI -. ':>-~R : Near-hank fln\\-lillc trnced with deflector groyne in place. 
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FIGURE 5-:!9: Testing or perpendicular weir alignment during model run no. I I. 

FIG RE 5-30: Flow-lines traced during perpendicular weir alignment test. 
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FIG UR E 5-3 I : Testing of opposite ob i ique \\'eir al ignmenr during model run no. 12. 

FIGl 'RE 5-32: Flow-lines traced during opposite oblique weir alignment test. 
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FIGURE 5-33: Testing of adjusted angle weir alignment during model run no, 10. 

-
II(iL 'RI 5-3-1: FIO\\-linc~ traced during adjus ted angle \I'eir alignment test. 
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6.1. INTRODUCTION 

6.1.1 General 

This chapter investigates fluvial erosion of the true left river bank terrace at Klondyke Bend which has been 

of concern to management of the RDR for some time. It is considered that further erosion of this terrace 

could undermine the adjacent RDR embankment resulting in breach of the race and the need for extensive 

remedial works. 

Significant erosion which occurred at this site during the floods of December 1979 necessitated the placement 

of a rock rip-rap lined embankment along the toe of the terrace to halt further lateral migration. In the 15 

years since its implementation the rock lining has provided protection to the terrace and prevented lateral 

erosion along its length. However, significant erosion of the terrace beyond the downstream end of the 

protection has continued to a point where a reassessment of the situation is required. 

RDR Management Ltd requested that as part of the investigation an assessment of the situation at Klondyke 

Bend be carried out and a recommendation be made for future action. It was· intended that this investigation 

be used as supporting evidence for resource consents required to carry out any necessary work in the 

Klondyke Bend area. 

Assessment of erosion trends and mitigation options at Klondyke Bend are undertaken primarily through analysis 

of historical photographs and river discharge data. River morphology trends are inferred from study of river 

terrace remnants, recent river bank erosion, bar morphology and associated intervening discharge regimes. A 

generic analysis of the effects on river bed and water surface profiles from a proposed bend cut-off to mitigate 

erosion at Klondyke Bend is undertaken using a HEC-6 morphological model. Assessment of erosion mitigation 

options and conceptual design of a recommended option is based on the above data and from documented 

experience of similar situations on other rivers. 

6.1.2 History 

The following historical information was extracted from old file of the Public Works Department (PWD) and 

Ministry of Works and Development (MWD) at National Archives, Christchurch. 

6.1.2.1 Assessment of Problem 

Following large floods in December 1979 (peak discharges of 3,440 m3s· l & 2,000 m3s·1
) concern was 

expressed about continuing erosion on the left bank of the Rangitata River at Klondyke Bend. A site visit 

report noted that from the remnant line of the high terrace the river appeared to have been travelling 

downstream parallel to the RDR for some time and recent erosion was a reflection of this continuing process. 
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However in stating this it was noted that the main concern was that in progressing downstream the river 

would not continue to confine itself to the present remnant terrace line but instead approach the RDR. Three 

options were considered: 

I) Do nothing : this was considered to result in further erosion of farmland but it was uncertain whether 

lateral erosion toward the RDR would occur. 

2) Armour the bank where the river was attacking the terrace: this was expected to halt lateral movement of 

the river toward the RDR but with high cost. 

3) Divert the river: It was expected that this could be done but that it would be expensive, time consuming 

and susceptible to damage (high maintenance costs). It was noted that for this action to be effective the 

cut would have to be developed in exactly the right place with the correct dimensions. 

Locals considered the "no action" option to be irresponsible and favoured the option of digging a central 

channel to divert the river away from the bank. However expert advice (P. Stribling & G. Griffiths) did not 

support this view and suggested that the most likely solution would be to place rock groynes to divert the 

main thrust of the river away from the embankment. It was noted that any work would have adverse effects 

on downstream embankments. 

It was suggested that no immediate action be taken but that in order to assess the likely future behaviour of 

the river an investigation involving the following should be undertaken: 

I) Examine historical aerial photographs to assess the rate, direction and trend of bank erosion at that 

location. 

2) Use river mechanics criteria to evaluate the likely effectiveness of the two possible actions that may be 

taken to control the river. 

6.1.2.2 Proposed Solutions 

An engineering report in late 1980 outlined two proposals for erosion mitigation at Klondyke Bend. A survey 

of the sites involved was undertaken on 5 August 1980. "Proposal A" was for the construction of a 200 m 

long embankment at the base of the eroding face, heavily protected with rock rip-rap. This proposal was 

designed and costed at $240,000. A section of Klondyke Bend was to be dewatered by the construction of a 

coffer dam diverting flow down an abandoned channel across the point bar. This channel was to be excavated 

(10m wide at the invert) and waste material used to construct the coffer dam. The embankment base and 

coffer dam were to be constructed with river bed material from the site and the rip-rap for the embankment 

was to be limestone supplied from the Mount Somers quarry. A cross-section design for the embankment is 

shown in Figure 6-1. A cost estimate for the works is given in Table 6-1 (MWD, 1983). 

"Proposal 8" involved the construction of two stop banks to realign the meander pattern so that river flow was 

directed along an old flood channel through the point bar at the entry to Klondyke Bend (the same channel as 

implemented in "Proposal A"). The upstream stopbank was to be 100 m in length and was to direct the flow 
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across an already low area which flooded readily. The downstream stopbank was to be 80 m long. A sketch 

of the proposal is given in Figure 6-2. The construction cost of the stopbanks (assuming material from the 

cuts was to be incorporated) was $170,000. The downstream cut needed to be deeper and required five times 

the excavation volume of the upstream cut. The excavation cost of the cuts was estimated at $70,000. The 

total cost of the work was therefore $240,000; the same as "Proposal A". However, this second proposal was 

not favoured because of the uncertainty of river action downstream of the diversion, and the possibility of 

return to the existing alignment during major flood flow, with consequent damage to the unprotected site. 

TABLE 6-1 : Costing for Klondyke Bend rip-rap protection. 

Item 

2 

3 

4 

5 

6 

7 

8 

9 

Description 

Establishment on site 

Form & metal access tracks 

Excavate diversion 

Form diversion dam 

Repair diversion once 

Excavate embankment toe 

Borrow, cart, compact: 

a) gravel 

b) river bed rock 

c) rip-rap rock 

Bulldoze off terrace into gulley 

Sub-Total 

Contingencies 

Total 

NOTE: LS = Lump sum. 

6.1.2.3 Implementation 

Unit 

LS 

LS 

m) 

LS 

LS 

m) 

m) 

m) 

m3 

m) 

% 

Quantity 

8,000 

1,000 

6,600 

3,800 

5,500 

1,200 

Rate 

1.5 

1.0 

3.0 

6.0 

27.0 

2.0 

5.0 

Cost [$] 

10,000 

8,000 

12,000 

2,000 

1,500 

1,000 

19,800 

24,800 

148,500 

2,400 

229,500 

10,500 

240,000 

The costing of "Proposal A" presented in Table 6-1 was performed in August 1980. The final cost of the 

works was raised to $270,000, which was to be equally shared ($135,000 each) between the Electricity 

Division of the Ministry of Energy (NZED) and irrigators on the RDR schemes. The irrigators' share was to 

be paid as part of the 198111982 irrigation season charges. 

During construction of "Proposal A" it was noted that the diversion cut had degraded (at the inlet and/or 

along its length?). When the diversion channel was complete a large fresh (maximum daily mean flow of 315 

m3s- l
) occurred (during the period 6-11 March 1981). Approximately one quarter of the flow passed through 

the diversion, causing some scouring where this joined the main flow downstream. A larger fresh occurred 

over the period 24-29 March 1981 (maximum daily mean flow of 428 m3s- I
), there is no comment on the 

effects of this. 
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Rocks extracted from the river were much larger than expected and were ideal for embankment lining. Thus 

it was suggested that less limestone could be used and placed in ribs at suitable intervals like small stub 

groynes rather than in a continuous blanket as designed. From inspection of the embankment it appears that 

this approach was not adopted. It is suggested that the work on this protection was finished some time during 

April 1981. 

Two surveys associated with the erosion protection works at Klondyke Bend were carried out by MWD staff 

following construction of the works during 1980-81. A cross-sectional survey of the completed Klondyke 

Bend rock rip-rap revetment works was undertaken on 26 May 1981. A survey of the Klondyke Bend terrace 

line was undertaken on 25 June 1981. 

Figure 6-5 shows an oblique aerial photograph of Klondyke Bend, looking downstream, taken circa 1981. 

This photograph shows the recently completed Klondyke Bend protection works and several channel features 

associated with it. The rock rip-rap revetment works can be seen to the left of the photograph extending 

along the majority of the outside of the meander bend. The right-most channel filament at Klondyke Bend 

passes through the pilot-cut used to test the feasibility of diverting the main channel flow through the point 

bar during construction of the protection works. The abandoned channel extending from left to right near the 

bottom of the photograph is the actual excavated floodplain channel used to divert water during construction. 

It can be seen that the upstream end of this channel has been blocked off with large river gravels following 

completion of the works. This bund has since been breached and dissipated by subsequent river freshes. 
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6.2. FLUVIAL GEOMORPHOLOGY 

6.2.1 Klondyke Reach 

6.2.1.1 General Morphological Trends 

Drawing no. 12 is an overlay of the extent of the active channel displayed in the 17 March 1962 (SN 1446) 

and 25 March 1996 (DNRE 3) aerial photographs. This drawing shows that the major morphological trend 

within the Klondyke reach over the last 34 years has been a progressive downstream migration of the meander 

train. While some degree of lateral development of meander bends is also evident within the reach the major 

component of migration is in a downstream direction. Tangent lines have been drawn at the apex of each 

bend in Drawing no. 12 to show the general direction of bend progression over the last 34 years. 

From analysis of 15 sets of aerial photographs taken between 1962 and 1996 there appears to be no tendency 

for meander bends in the Klondyke reach to be permanently cut-off. While dissection of point bars does 

occur during high discharges these flood channels generally appear to be short-lived and abandoned naturally; 

the river having a natural long-term preference for maintaining the established single thread meandering 

channel. The only location where a bend cut-off has occurred from more than a short period is at bend 3. 

However, the river eventually returned to its original location after approximately 25 years. This location is 

also probably not characteristic of the larger Klondyke reach because of its proximity to the gorge, and hence 

low sediment supply and high degree of lateral confinement. 

From Drawing no. 12 it can be seen that the magnitude of channel change appears to increase in a 

downstream direction. There are several possible reasons for this: 

1) The downstream propagation of upstream activity. 

2) Downstream decrease in height of the bounding terraces and therefore decreasing lateral confinement of 

the channel. 

3) Downstream increasing erosive power from increasing flow momentum as sediment is entrained from the 

river bed and banks. 

The formation of embayments in the outside of river bends appears to be a characteristic morphologic process 

of the Klondyke reach. The development of embayments between 1962 and 1996 have been noted at bends 5 

& 7, while the embayment at bend 6 has continued to evolve (Drawing no. 12). It is interesting that these 

embayments occur in sequence around the largest meander bend in the reach. 

6.2.1.2 Specific Channel Changes 

From analysis of the available aerial photographs several interesting channel changes within the Klondyke 

reach have been identified. The first aerial photograph taken on 17 March 1962 (Figure 6-6) presents the 
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earliest known state of the Klondyke reach apart from localised survey data at Intake and Klondyke Bends. 

As discussed in Chapter 2 the 1936 survey of Intake Bend shows that the left bank point bar at the 

downstream end of the bend was considerably more pronounced than in 1962. The 3,460 curnec flood of 27 

December 1957 (Drawing no. 10) is likely to have been responsible for a considerable portion of the erosion 

of this point bar and for rutting of the point bar at bend 3 immediately downstream. 

The 25 February 1972 aerial photograph (S 81/8/A) shows that after 7 February 1965 (SN 1580) the main 

channel had avulsed across the point bar at bend 3 resulting in a much straighter reach between Intake and 

Klondyke Bends. 

Aerial photographs taken in 1980 (SN 5664 & RDRM 2) show that since 15 February 1978 (SN 5204) a 

concentrated single thalweg had developed at the base of the eroding terrace at Klondyke Bend. This appears 

to have been the factor which initiated accelerated erosion at this site. The development of this single 

concentrated thalweg along the outside of the bend appears to have been due to intense scour experienced 

there during the 3,440 cumec flood of 3 December 1979. 

The aerial photographs taken around 1982 show the development of a bar formation on the left bank 

immediately downstream of the scour zone on the downstream side of Klondyke Bend. This is the beginning 

of the development of the premature inflection process investigated by Carson (1986). The characteristic 

channel pattern is shown most prominently on the aerial photograph of 20 December 1988 (SN 38, Figure 6-

7) and is inferred to be a major cause of the embayment later formed in the terrace at this site. 

The aerial photographs taken on 8 June 1995 (DNRE I) show that between then and 20 December 1988 (SN 

38) redevelopment of the point bar at bend 3 and switching of the channel thalweg from the right to the left 

side of the channel at the Klondyke Bend entry zone had occurred (Figure 6-8). These pattern changes were 

more than likely associated with the 2,960 cumec flood of 9 January 1994. An almost identical situation 

exists in the 25 March 1996 (DNRE 3) aerial photographs following the 2,170 cumec flood of 13 December 

1995 (Figure 6-10). This tends to suggest at least short-term stability of the present channel pattern. 

6.2.1.3 Channel Changes Following 1995 Annual Flood 

Channel changes between Intake Bend and Klondyke Bend due to the 2,170 cumec flood of 13 December 

1995 were defined from comparison of the 13 November 1995 (DNRE 2, Figure 6-9) and 25 March 1996 

(DNRE 3, Figure 6-10) aerial photographs. The channel changes defined were: 

1) Removal ofRDR sediment from the left bank ofIntake Bend between cross-sections no. 10-13. 

2) Evidence of terrace erosion on the downstream face of bend 2; from changes in the terrace line, steepness 

of the terrace face and increased presence oftalus cones. 

3) Erosion along the outside of bend 3. 

4) Erosion along the inside of bend 4. 
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5) Erosion along the upstream, inside face of Klondyke Bend (bend 5). 

6) Erosion and further dissection of the upstream tip of the Klondyke Bend point bar. 

7) Erosion of the embayment in the downstream face of Klondyke Bend; evidenced by changes in the 

terrace line, including apparent increased erosion of the notch immediately downstream of the rock rip

rap embankment. 

8) Some erosion of the embayment areas on the outside of bends 6 & 7. 

6.2.1.4. Specific Erosion Sites 

Two erosion sites of specific interest to this investigation are the downstream face of bend 2 and the 

embayment area of Klondyke Bend (bend 5). Bend 2 is of interest because of its height (57 m) resulting in a 

large supply of sediment to the reach. Erosion of this bend is also likely to have significant downstream 

morphological implications. Erosion of the embayment area at Klondyke Bend is of interest because of direct 

implications to integrity of the RDR and because it is also a significant sediment supply site. 

Using the area of lateral erosion and terrace heights given by Drawing no. 12 the volume of erosion which 

occurred over the 34 year period was estimated to be 850x 103 m3 at bend 2 and 150x 103 m3 at Klondyke 

Bend. This equates to average erosion / supply rates of 25x103 m3
yr-l and 4.4x103 m3

yr-l respectively. It 

should be noted, however, that the short-term erosion rates are likely to vary considerably and also that the 

rates may progressively increase as the channel morphology changes (Section 6.2.2). 

6.2.2 Klondyke Bend 

6.2.2.1 Historical Surveys 

In September 1941 a topographical survey of the area of Klondyke Bend immediately adjacent to the RDR 

canal was carried out. The terrace line from this survey was digitised from the survey plan and shown on 

Drawing no. 9. Because of the inability to locate survey marks used during the 1941 survey the terrace line 

had to be fitted by eye using details of the RDR embankment and terrace features. From Drawing no. 9 it can 

be seen that the 1941 bend displayed a smoother curvature with no significant embayment formation in the 

outer bank. The lack of lateral expansion at the upstream end of the 1941 terrace line would seem to suggest 

a smoother transition into the bend. This could have been due to greater upstream projection of the upstream 

face of the point bar at Klondyke Bend and/or the location of the channel thalweg along the left rather than 

the right side of the channel at the bend entry zone. It is also possible that the smoother transition was 

achieved by the abandoned channel located through the point bar at bend 4 being the dominant channel at this 

time. 
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A second historical survey of the Klondyke Bend terrace line was carried out by MWD staff on 25 June 1981 

following completion of the Klondyke Bend protection works. Based on the MWD data a survey plan was 

produced by the writer and overlaid on Drawings no. 6 & 9 to provide a comparison with erosion extents at 

other times. Because the pegs of this survey could not be located the survey had to be fitted by eye to the 

other plans, however the writer has confidence that this was achieved with reasonable accuracy. Comparison 

of the 1981 survey with the 1995 terrace line on Drawings no. 6 & 9 clearly shows the extent of erosion of the 

embayment area which has occurred since 1981 and also the degree of protection provided to the terrace 

along the length and immediately downstream of the protection works. 

6.2.2.2 Historical Photographs 

Figure 6-3 shows construction of the RDR canal at Klondyke Bend, looking downstream, circa 1936-1940. 

Worthy of particular note is the extensive exposed gravel point bar, the position of the low flow channel at the 

base of the exposed terrace along the outside of the bend and the significant talus slopes at the base of the 

terrace immediately downstream of the bend apex. This evidence suggests similar mOfphological conditions 

to the present day. 

Of particular significance is the erosion notch in the left bank terrace at the apex of the bend shown near the 

centre of the photograph. The present day location of this notch is immediately downstream of the rock rip

rap embankment and it would be easy to attribute its presence to turbulent scour developed at the tail end of 

this structure. However, close field inspection revealed that considerable water seepage was occurring from 

the terrace face within the notch; suggesting an alternative mechanism for the bank erosion. The fact that the 

notch is present in this early photograph, during construction of the RDR, suggests that the seepage is derived 

from groundwater rather than from influent seepage from the RDR. 

Figure 6-4 is a photograph of Klondyke Bend, looking downstream, on 1 October 1965. Although of poor 

quality, this picture appears to show the development of erosion at and downstream of the bend apex from the 

irregular terrace edge and the presence of talus slopes at the base of the terrace. Also shown is the over

widened and multiple dissected point bar apparent on more recent photographs. 

Figure 6-5 shows an oblique aerial photograph of Klondyke Bend, looking downstream, taken circa 1981. 

This photograph shows the recently completed Klondyke Bend protection works and several channel features 

associated with it. The rock rip-rap revetment works can be seen to the left of the photograph extending 

along the majority of the outside of the meander bend. The right-most channel filament at Klondyke Bend 

passes through the pilot-cut used to test the feasibility of diverting the main channel flow through the point 

bar during construction of the protection works. The abandoned channel extending from left to right near the 

bottom of the photograph is the actual excavated floodplain channel used to divert water during construction. 

It can be seen that the upstream end of this channel has been blocked off with large river gravels following 

completion of the works. Notice also the position of the thalweg on the right side of the channel at the 

entrance to Klondyke Bend. 
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6.2.2.3 Analysis o/Bend Morphology 

Inspection of the remnant left bank terrace line at Klondyke Bend indicates that the bend has been 

progressing downstream along approximately the same line for a considerable period (Figure 6-10). It would 

thus seem reasonable to assume that this general pattern of progression will continue for at least the 

immediately foreseeable future. 

Drawing no. 9 shows the active channel extents at Klondyke Bend over the 54 year period between 1941 and 

1995. Plotted on this drawing is the terrace line from the September 1941 survey, the active channel limits 

from the 17 March 1962 aerial photographs,. the terrace line from the 25 June 1981 survey and the active 

channel limits from the 8 June 1995 aerial photographs. 

From comparison of the 1962 and 1995 active channel limits on Drawing no. 9 it can be seen that while there 

has been a general progression of the entire meander pattern downstream over this period the upstream side of 

the meander arc has eroded more than the downstream side. This effect is undoubtedly due to the difference 

in height of the channel banks in each region. The upstream side of the meander arc tappers off in height 

from approximately 10 m to 1-2 m at the point bar, while the eroding terrace near the RDR is approximately 

15 m in height. The net t;:ffect of this is a tendency towards a "squeezing" of the Klondyke Bend point bar. 

Inspection of the 25 March 1995 aerial photo (Figure 6-10) shows that the low flow channel resides on the 

true left of the river's currently active floodplain. This may suggest that the river has already reached its 

minimum meander bend radius and has responded by altering the approach angle so that the radius of the 

meander arc is increased. 

From Drawing no. 9 it can be seen that significant lateral erosion of the left bank at the Klondyke Bend entry 

zone has occurred between 1941 and 1996. This has undoubtedly been related to flow convergence at the 

upstream side of the Klondyke Bend point bar pushing the flow obliquely against the opposite bank. 

Continued lateral migration at this site is uncertain given recent relocation of the channel thalweg to the left 

side of the channel. However, it is possible that erosion of this low floodplain will occur during flood events, 

resulting in possible outflanking of the rock revetment and erosion of the terrace below the RDR. 

Included in Drawing no. 9 is a table showing average erosion rates over the periods between the plots and the 

average return period (Tr) of annual floods which occurred within each period. This table shows that there is 

a very strong inverse relationship between the rate of lateral erosion arid the magnitude of flood events. From 

September 1941 to 17 March 1962 when the average return period of the annual flood event was 6.5 years the 

lateral erosion rate was only 0.67 m y{l. However, from 25 June 1981 to 8 June 1995 when the average 

return period of the annual flood event was only 3.2 years the lateral erosion rate was as high as 3.19 m yr-'. 

This would seem to suggest that the rate of erosion is largely unrelated to the magnitude of large flood events, 

rather that it is "normal" river discharges which predominantly control the rate of erosion. Further supportive 

evidence for this hypothesis is provided below. 
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The increase in "normal flow" erosion indicated above seems to be directly related to the formation of the 

embayment in the outer bank, or rather, the development and maintenance of premature inflection of the 

channel thalweg, which appears to be the causal mechanism for embayment formation. Maintenance of this 

channel pattern appears to cause severe erosion along the outside of the meander bend because of the tight 

channel curvature caused by the premature inflection phenomenon. 

Premature inflection of the channel thalweg appears to be initiated by abrupt flow convergence at the outer 

bank which causes deep scour of the channel bed. Some of the sediment entrained from the bed and bank is 

then deposited almost immediately downstream as the flow diverges away from the bank and loses transport 

competence. The bar formed during this process causes an up-valley deflection of channel thalweg; the 

premature inflection (Carson, 1986). 

A prerequisite for this process appears to be abrupt flow convergence at the outer bank; controlled by the 

upstream channel alignment. Maintenance of this channel pattern would appear to be provided by any 

process which allows the persistence of the channel thalweg at the outside of the bend. The presence of the 

rock revetment along the outside of Klondyke Bend would seem to promote this mechanism through 

prevention of bank erosion and consequent channel shoaling which would lead to avulsion of the channel 

across the wide, exposed point bar. The development of scour along the face of the rock revetment would 

also seem to enhance a preference for the channel thalweg at this location. Also, flow convergence at the 

outside of the bend appears to be enhanced by the formation of an embayment area, such that, to a certain 

extent, the process is self-reinforcing. 

Another process which would seem to promote such embayment formations is a relatively low rate of supply 

of bed-calibre material to the channel so that shoaling and avulsion of the channel does not occur. The fact 

that a large amount of erosion has occurred at this site is apparently due to a slow but almost continuous ' 

erosion of relatively small amounts of material. Resistance to avulsion of the channel may also have been 

caused by fixture of the channel thalweg around most of the bend by the presence of the rock rip-rap 

revetment. Although relatively large rates of erosion may occur during floods these events are relatively 

short-lived, and so apparently do not contribute as much to lateral erosion in the long-term as "normal" flows. 

Figure 6-13 shows talus cones along the base of the Klondyke Bend terrace at ti}e downstream end of the 

embayment during winter low-flow conditions (3 August 1995). The 8 June 1995 (DNRE 1) aerial 

photographs show evidence of similar activity at this bend from the presence of large rocks in the thalweg of 

the embayment area. This, together' with numerous similar field observations, provides proof of significant 

ongoing erosion during low-flow conditions. 
, 

It is not clear what discharge is dominant in controlling lateral erosion rates. However, it appears, from the 

evidenc'e presented above, that low flows (perhaps as low as 30-50 cumecs) will still cause erosion of the 

embayment area of the bend. 
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It is possible that construction of the rock revetment work at Klondyke Bend initiated the formation of the 

embayment in the outer bank, which once started initiated premature inflection of the channel thalweg causing 

rapid development of the erosion embayment. However, regardless of the initiating mechanism, it seems 

likely that development of the erosion embayment at Klondyke Bend will continue to be a stable 

morphological process for at least the short to medium term. 

Two bend tangent lines have been drawn on Drawing no. 9 to show the general progression of the meander 

bend before and after placement of the rock revetment embankment. The "Unmodified Tangent Line" shows 

progression of the bend prior to placement of the protection works, based on the 1941 and 1962 terrace lines. 

This clearly shows progression of the meander bend toward the RDR canal. The "Modified Tangent Line" 

shows approximate progression of the meander bend following implementation of the protection works. This 

is based on the 1981 and 1995 terrace lines and on the assumption that bend progression will be along a 

similar line given by the "Unmodified Tangent Line" once the bend progresses downstream beyond the 

influence of the present protection works. This line clearly shows impending erosion of the RDR canal 

embankment. 

It should be noted, however, that there is significant potential for a natural adjustment of the upstream channel 

alignment which could cause short-term rapid migration of the embayment area of the meander bend toward 

the RDR. 

6.2.2.4 Erosion Process 

Erosion of the terrace during flood events will be directly related to fluvial entrainment of material from the 

bank face causing under-cutting and gravitational failure of the bank. Mechanical failure may also be 

initiated on the falling limb of the flood by positive pore-water pressure within the terrace material. 

Erwin Seyb (Manager, Klondyke Station) suggests that the majority of bend erosion which occurs as a result 

of floods in the Rangitata River takes place one to two weeks following the event. This may be caused by a 

combination of factors. Firstly, a slow inward progression of the terrace drying front (following saturation 

associated with the wet weather and/or high water levels) causing a decrease in embankment material 

cohesion. Secondly, slow undercutting of terrace material, which was exposed and/or loosened in the flood 

event, during the following lower flows. 

Significant under-cutting of the terrace and t(!nsion cracks along the upper surface of the terrace have been 

noticed in the field during a range of flow conditions. Water stains on the terrace face following failure of 

material have also been noticed in the field. 
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6.3. EROSION MITIGATION OPTIONS 

6.3.1 General 

It seems that the three options for mitigation of erosion at Klondyke Bend are similar to those investigated 

previously. That is, either do nothing, continue protection of the high river terrace adjacent to the RDR with 

heavy rock rip-rap, or realign the river so that it flows across the Klondyke Bend point bar. 

6.3.2 Do Nothing 

The "do nothing" approach would leave the embayment area of Klondyke Bend exposed to continued 

erosion. While it is not 100% certain that continued erosion would progress toward the RDR and cause 

failure of the structure, it seems apparent that there is significant scope for this to occur. The "wait and see 

what happens" approach may also lead to unnecessary risk to the RDR structure. It is possible that a large 

prolonged flood event, or a series of smaller closely spaced events could cause sufficient channel 

modification to incur a significant amount of erosion within the embayment area of Klondyke Bend which 

would seriously threaten the RDR. Further, if significant erosion did occur such that immediate protection of 

the terrace line was necessary, the extent of erosion may limit the options available for protection, reduce the 

natural buffer zone behind the implemented protection works and/or unnecessarily increase the cost of the 

required works. Given the value of the RDR asset it seems unreasonable not to take decisive action to 

prevent future erosion toward the RDR in the immediate future. 

6.3.3 Channel Realignment 

Realignment of the river across the Klondyke Bend point bar is the method still favoured by some for 

prevention of continued erosion at Klondyke Bend. The realignment considered is similar to that proposed in 

the initial assessment of this option (Section 6.1.2.2). Consideration to this option is given in two of the 

following sections. Section 6.4 attempts to analyse the possible effects of the realignment on river bed and 

water surface profiles through the reach using a HEC-6 steady-state morphological model. Section 6.5 

considers the wider implications of this proposed erosion mitigation measure to reach morphology and 

residual risk to the RDR. 

6.3.4 Terrace Protection 

Perhaps the most immediately obvious solution to erosion mitigation at Klondyke Bend is a continuation of 

the present heavy rock rip-rap protection further along the bend so that the river is discouraged from. 

travelling downstream along its present line. Consideration to the desirability of this option and conceptual 

design of an appropriate extension of the existing protection is given in Section 6.6. 
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6.4. HEC-6 MODEL 

6.4.1 Introduction 

In order to assess the possible extent of effects on river bed and water surface profiles resulting from a 

realignment of the Rangitata River across the point bar at Klondyke Bend a generic morphological model of 

the bend cut-off was constructed and run. The program used for this investigation was HEC-6. 

6.4.2 HEC-6 Overview 

6.4.2.1 General 

HEC-6 is a one-dimensional, steady state, numerical sediment transport (morphological) model. The program 

was developed by the US Army Corps of Engineers, Hydraulic Engineering Center, for simulating changes in 

river profiles resulting from scour and/or deposition over moderate time periods. 

Application of HEC 6 requires that a continuous flow record be partitioned into a series of steady flows of 

varying discharge and duration. For each flow a steady state water surface profile is calculated using the 

Manning equation and a standard step method. From the resulting hydraulic properties potential sediment 

transport rates are computed at each cross section. These transport rates, combined with the duration of the 

flow, permit a volumetric accounting of sediment within each reach. The amount of scour or deposition at 

each cross section is then computed and the cross section is adjusted accordingly. The computations then 

proceed to the next flow in the sequence and the cycle is repeated beginning with the updated geometry. 

6.4.2.2 Features / Limitations 

In HEC-6 sediment computations are performed by grain-size fraction, thereby allowing the simulation of 

hydraulic sorting and armouring. The program also has the ability to use several different standard equations 

or a user defined relation for computation of sediment transport rates. 

HEC-6 has the capability to analyse networks of streams. However only one junction or local inflow point is 

allowed between any two cross-sections. Closed loops can not be directly accommodated. While sediment 

transport in tributaries can be simulated, transport in distributaries can not. 

Manning's equation and n values for over-bank and channel areas may be specified by discharge or elevation. 

Manning's n for the channel can also be varied by using the bed gradation of each cross-section. Expansion 

and contraction losses are included in the determination of energy losses. The energy loss coefficients may be 

changed at any cross-section. 
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For each discharge in a hydrograph, the downstream water surface elevation may be specified by a rating 

curve or with a time dependant water surface elevation. Internal boundary conditions (fixed water surface 

elevations) can also be imposed on the model. 

Supercritical flow, should it occur, is approximated by normal depth; thereby simplitying sediment transport 

phenomena occurring in supercritical reaches. 

Simulation of geological controls such as bedrock or a clay layer may be carried out by specitying a minimum 

elevation for the moveable bed at any particular cross-section. 

The sediment boundary conditions (in-flowing sediment load as a function of water discharge) for the main 

river channel, its tributaries, and local inflow/outflow points can be changed with time. A transmissive 

boundary condition is available at each downstream boundary; this boundary condition forces all sediment 

entering that section to pass it, resulting in no scour or deposition at that section. 

There is no provision for simulating the development of meanders or specitying a lateral distribution of 

sediment load across a cross-section. The cross-section is subdivided into two parts with input data; that part 

which has a moveable bed and that which does not. The moveable bed is constrained within the limits of the 

wetted perimeter. The entire wetted part of the cross-section is normally moved uniformly up or down. An 

option is available, however, which causes the bed to be adjusted in proportion to depth when deposition 

occurs so that ultimately a horizontal depositional surface will result. 

HEC-6 can also be executed in fixed-bed mode, which is similar to a HEC-2 application in that only water 

surface profiles are computed. 

6.4.2.3 Input / Output 

HEC-6 is operated through the menu system provided by the program MENU-6 and uses the special text 

editor COED (COrps EDitor) for manipUlation of input data. Input files for HEC-6 are entered in a tabular 

form with each line of data (several fields) being identified by a two character command record. 

6.4.3 Model Set-up & Calibration 

6.4.3.1 Topographical Data 

Cross-section no. 35 from the topographical survey of Klondyke Bend was chosen as a representative channel 

cross-section for use in the HEC-6 model (Drawings no. 6, 7 & 8). Floodplain sections typical of the reach 

were incorporated into this section (Figure 6-12). The use of one representative cross-section was made in 

order to simplity the model set-up procedure. Cross-section spacing was set to give a sufficient number of 



6-15 

profiles through the reach to model the change in bed profile with reasonable accuracy. The modelling reach 

was extended both upstream and downstream a sufficient distance so that inflow and outflow conditions 

would be stabilised upon reaching the area of interest, and also so that the full linear extent of any changes 

could be seen. In particular the downstream reach was made long enough so that the water surface profile had 

sufficient distance to adjust to the fixed downstream boundary condition. 

The channel slope of the unadjusted reach was set to a uniform value of 0.5% (Drawing no. 8). The adjusted 

(cut-off) profile was described by adjusting the slope (from 0.5% to 0.7%) along the cut-off channel based on 

the difference in length of the pre-cut-off and post-cut-off channels (Drawings no. 6 & 8). 

6.4.3.2 Flow Data 

The selection of appropriate flow data is very important in modelling morphological changes. USACE 

(1993a; 1992) state the need to accurately model the entire range of expected flows. To do this they suggest 

using the flow duration curve, along with a knowledge of flow variation throughout the year, to construct a 

"representative" annual flow series. The resulting hydrological input data for HEC-6 will be a series offlows 

(including expected maximum flows) of varying duration in a sequence representative of annual flow 

variation. However, in order to- simplifY construction of the generic Klondyke Bend model it was decided to 

use a representative "dominant" discharge, which was taken to be the January maximum mean monthly flow 

(1979-1995) of 297 m3s·1
. For this model it was decided that a long-term (one year) analysis would be 

undertaken. 

6.4.3.3 Boundary Conditions 

Due to there being no stage-discharge relation available for the downstream boundary condition a fixed water 

level at an elevation of 4.57 m (water depth of 2.56 m) was used. As was mentioned above, a sufficient 

distance was allowed in the model for the resulting fixed water surface to come to equilibrium with the actual 

profile. 

6.4.3.4 Sediment Data 

The Meyer-Peter and MUlier equation for sediment transport was used in the model. This equation was 

selected because it appeared to be the most appropriate (from those available in HEC-6) for the Klondyke 

reach of the Rangitata River (Carson & Griffiths, 1987; Vanoni, 1977). 

The grain size distribution of the bed sediment was given from preliminary results of surface sediment 

analysis near the RDR intake; some 5 km upstream (dso "" 180 mm). This distribution was expected to be 

reasonably similar to that occurring in the Klondyke Bend reach as the sample did not contain the larger of 

sediment clasts present at Intake Bend. 
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There were no field data available for the variation with discharge of in-flowing sediment load, or of the 

grain-size distribution of the in-flowing sediment. For the purpose of this study it was decided to overcome 

this lack of information by setting the in-flowing sediment characteristics of the reach so that no scour or 

deposition of the pre-cut reach occurred. This seemed to be a reasonable simplification given the one year 

time frame of the simulation. The use of a zero scour/deposition condition also allows a definite base-line 

situation with which to compare post-cut morphology. 

In order to set the in-flowing sediment (magnitude and grain-size distribution) so that no scour, deposition or 

change in the bed material gradation occurred it was sufficient to have the out-flowing sediment magnitude 

and distribution the same as that in-flowing over the simulation period (time step). Achieving this involved a 

time-intensive, manual, nested iterative procedure which was carried out until variations in the in-flowing and 

out-flowing sediment load and grain-size distributions were insignificant. 

6.4.3.5 Calibration 

USACE (\992) describes the required input data and methods for calibrating a HEC-6 model. Although this 

is a good reference for calibrating a well documented reach, it doesn't give much guidance on methods to use 

where field data are very limited. 

The strategy behind this generic model of the Klondyke Bend reach has been to establish a base-line 

(equilibrium) model against which the proposed changes can be compared. This base-line model has 

necessarily required some assumptions and simplifications as mentioned above. Other values which have 

been set (assumed) in the base-line model are: 

I) Manning's n was set at 0.04 for the main channel and 0.1 for the over-bank areas. 

2) Expansion and contraction coefficients were set to 0.3 and 0.1 respectively, as suggested by USACE 

(1992). 

HEC-6 requires that the number of sediment exchange increments (the number of iterations in the sediment 

transport calculations) be specified for each simulation time step. The theoretically required number of 

sediment exchange increments in a time step is given by: 

where: 

SPI= Mxv 
M 

SP I = number of sed iment exchange increments 

M = time step [s] 

v = velocity [ms· l
] 

M = reach length [m] 

(6-1) 
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Using M = 31 days, I'll = 236 m and v '" 3.0 ms· l (computed by HEC-6 in a preliminary run) then SPI = 

34,000. However, as suggested in the manual, it was found by iteration that the smaller number SP] = 29,000 

gave the same results, but obviously with less computation time required. 

The time step (M) issue was not properly considered during the initial model runs. However, for the last run 

two methods of simulating twelve months scour were investigated. Initially twelve time steps of 31 days were 

set-up and run. Next a single continuous time step of 365 days was run (SPI was accordingly set to 407,000 

instead of 29,000). The single 365 day time step run resulted in both less scour and less deposition than the 

twelve consecutive 31 day time steps run. This is explained by the fact that hydraulic properties for each 

reach are only calculated at the beginning of each time step. That means that changes in bed profile do not 

change the hydraulic properties of the reach and thus the correct amount of scour and/or deposition is not 

simulated. This has the implication that the 31 day time step used to simulate the morphologic response of 

the realigned channel may have been too long and consequently simulated scour and deposition may have 

been under-estimated. Due to time constraints this has not been investigated further but needs to be borne in 

mind when interpreting themodel results. 

6.4.4 Simulation Results 

As mentioned above several model simulation series were run in order to calibrate the model. All runs used 

the maximum mean January discharge of 297 m3s· l
• The first simulation involved a fixed-bed run of the pre

cut situation in order to ensure correct representation of the water surface profile through the reach. The 

second simulation series was used to calibrate the in-flowing sediment load so that no scour or deposition 

resulted, and was run for a time step of 31 days. The third simulation, also for 31 days, was run with the pre

cut sediment inflow data and the post-cut channel profile. The fourth run used the same data as the previous 

one except that twelve consecutive runs of 31 days were used to simulate the change in profile over a period 

of one year. The fifth and final run used a single time step of 365 days to simulate the same effect. 

Figure 6-11 shows thalweg and water surface profiles through the Klondyke Bend reach after implementation 

of the meander cut-off, and represents the results of simulation run 4. Profiles are given for the initial 

condition and for the situation after 12 months of a continuous 297 m3s· l flow. The plot shows how the long 

profile of the channel evolves with time: ie. degradation at the channel inlet and along most of its length, with 

aggradation in the channel and river bed at the downstream end. 

Figure 6-12 shows the change in cross-section shape calculated by HEC-6 at model distance 1.654 km during 

simulation run 4. This cross-section is located at the downstream end of the realigned channel and represents 

the most extreme elevation change (+0.46 m) shown by any of the cross-sections in the simulation. 
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6.4.5 Model Interpretation 

The simplistic nature of this model is due to limitations of the program, inadequate field data and the imposed 

time constraints. 

There are several limitations of modelling morphological changes with a one-dimensional steady-state 

program such as HEC-6. These stem from its inability to provide for localised multi-dimensional effects such 

as bend superelevation and oblique flow convergence and temporal effects such as enhanced sediment 

transport on the rising limb offlood waves. These effects can have a significant impact on sediment transport 

and on local scour and deposition. 

Because of the limited magnitude and constant nature of the simulated flow it is likely that the true potential 

morphologic change in the realigned channel will be greater than that displayed in the model. That is, greater 

scour of the upstream end and deposition at the downstream end of the realigned channel will be likely to 

occur in the prototype, increasing the magnitude of potential effects on the surrounding area. 

The major problem with HEC-6, like any other one-dimensional model, is its inability to predict the change in 

planform location· of the river being simulated. However, information on changes in channel bed elevation 

that is gained from the model enables a more well informed prediction to be made of changes in river position 

than would otherwise be available. 

6.4.6 Validation 

Although the generic HEC-6 model of Klondyke Bend does not exactly replicate the prototype, simulation 

results do show some similarity to previously documented river behaviour. 

During construction of the rock rip-rap protective work on the outside of Klondyke Bend in 1980 the old 

flood channel across the point bar was used to carry the majority of river flow so that work could proceed. 

During this time a fresh in the river caused scour of the channel similar to that which occurred in the model. 

Figure 6-5 shows how there appears to have been some aggradation near the downstream end of the cut-off 

channel; indicated by a fan of shingle in this region. Although this aggradation occurs further upstream than 

that which occurred in the model this is probably due to the following factors: 

I) As can be seen from the aerial photo, the fan of Raules Gulley Stream is located at the exit of the cut-off 

channel. This fan (which is frequently truncated by river flow and periodically reinstated by stream 

activity) would have caused an effective raising of base level at the downstream end of the cut-off 

channel, resulting in initiation of aggradation further upstream. The presence of this stream has not been 

accounted for in the model. 

2) This effect can also be attributed to the fact that higher flow rates occurred in the field than were 

simulated in the model (maximum daily mean of 365 m3s·1 cf 297 m3s·1
). Higher flow rates obviously 
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translate to greater sediment transport rates and thus greater deposition of gravel and associated extension 

of the deposition zone further upstream. 

3) Because during the fresh water flowed around the main channel as well as down the diversion cut, the 

backwater effect created by the downstream confluence of these two flows would have created some 

upstream sedimentation. This type of effect is not easily simulated in HEC-6. 

6.4.7 Morphological Implications 

The major point for concern seems to be the extent of aggradation at the downstream end of the cut. Raising 

of the river bed and water level in this region could initiate a change of river course which may threaten the 

newly planted forestry block adjacent to the river downstream of the cut. Similarly, aggradation caused by 

river profile adjustment through the cut may cause a raising of base level on the Raules. Gulley Stream fan. 

This would in tum initiate aggradation of the fan, with the possibility of causing the stream to migrate to the 

south across the forestry plantation. The extent of this effect, however, may be small given the relative 

steepness of the fan. 

Significant scour at the upstream end of the 'realignment did not occur in the model. However, superelevation 

and flow convergence effects at the entry to the channel, which were not able to be simulated in the model, 

are likely to enhance scour at that location. Scour in this region will enhance the potential for failure of the 

training bank required to redirect the river through the realigned channel. 

6.4.8 Conclusions 

The above results seem to indicate that a significant change in river bed and water surface profiles through the 

Klondyke Bend reach could result from realigning the river channel across the point bar. 

Although simulation of the realignment of Klondyke Bend was performed by a simplistic generic model the 

results indicate the general location, type and magnitude of channel effects to be expected in the immediate 

vicinity of the realignment. 

It should be noted, however, that the model is unable to simulate more complex downstream morphological 

implications. These instead need to be assessed from a more "holistic" viewpoint. 
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6.5. CHANNEL REALIGNMENT 

6.5.1 General 

The erosion mitigation option considered in this section is a realignment of the Rangitata River through the 

flood channel in the point bar at Klondyke Bend. The purpose of this realignment is to physically move the 

erosive threat away from the affected site. As discussed in Section 6.1.2.2 the realignment is to be achieved 

through artificial formation of a channel bounded at two locations by stopbanks. A conceptual design of the 

proposed realignment is shown in Figure 6-2 

The possibility has been raised of not completely realigning the river but to open the Klondyke Bend point 

bar flood channel sufficiently to relieve erosive pressure on the outside of the bend during flood events. 

Information presented in Section 6.2.2.3 suggests that this would not be effective however, as the majority of 

bank erosion at Klondyke Bend appears to occur during "normal" river flows, not large flood events. This is 

backed by evidence of excessive erosion which has occurred (45 m) since opening of the flood channel in 

1981 associated with construction of the Klondyke Bend protection works (Drawing no. 9). 

6.5.2 Morphological Implications 

Results ofthe HEC-6 model presented in Section 6.4 suggest that significant erosion at the upstream end and 

deposition at the downstream end ofthe propose diversion would occur as a result of grade adjustment to the 

effectively shortened channel. This would seem to indicate greater channel instability at the downstream end 

of Klondyke Bend, potentially threatening the forestry block on the true right side of the river. Potentially 

significant scour at the upstream end of the diversion, indicated by the HEC-6 model, would have to be 

catered for in the design of the proposed stopbanks if premature failure of these structures was to be avoided. 

Realignment of the Rangitata River across the Klondyke Bend point bar will reduce the meander amplitude of 

the reach. This will reduce energy dissipation within the reach due to a smaller proportion of the flow 

momentum being transferred to the bounding terraces. Significant energy dissipation presently occurs at the 

upstream side of the Klondyke Bend point bar and at the embayment area of Klondyke Bend. Loss of this 

energy dissipation is likely to result in enhanced erosion of downstream sites, especially the embayment areas 

of bends 6 & 7 immediately downstream. The resulting increased . lateral migration of the bends at these 

locations may have serious downstream morphological implications. 

The abrupt change in channel planform shape and location within the realigned reach, which may be 

considered to amount to excessive intervention, may cause an undesirable and complex response of the river 

system within and extending upstream and downstream of the reach. Because of the complexity of the system 

the extent of such effects is uncertain, however the potential exists for resultant channel avulsion and bank 

erosion to have serious consequences. 
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6.5.3 Feasibility / Performance 

A major factor against the proposed channel realignment is that it would essentially make the present 

protection works redundant. This could be offset by dismantling and using materials from this structure to 

construct the realignment, however, as outlined below this would be a risky proposition. 

As discussed in Section 6.2.1 the Klondyke reach between Intake Bend and Klondyke Bend is undergoing 

considerable morphological change. Progression of the entire meander pattern in a predominantly 

downstream direction is occurring due to significant bank erosion in the reach, especially of the terrace at 

bend 2. Associated with this there is also significant instability in channel pattern in the reach between bend 2 

and Klondyke Bend. Training banks placed in this reach would likely undergo significant river attack and 

almost certainly eventually be outflanked. In order to maintain a desired channel pattern in this region 

significant additional ongoing works and continual maintenance would be required. 

Because of the high-energy nature and instability of the reach it is highly likely that training works placed 

within the channel will .eventuallysuffer fa.ilure. If this occurred during a significant flood event (a likely 

scenario) the Klondyke Bend terrace area, and consequently the RDR, would be exposed to attack. High 

ongoing capital expenditure and maintenance costs and residual risk to the RDR resulting from high 

susceptibility to failure are major factors against this proposal. 

6.5.4 Conclusions 

It is difficult to determine the extent of these possible effects given the inherent complexity of the situation. 

However, it appears clear that there is considerable risk in terms of loss of capital works, adverse downstream 

effects, and residual risk to the RDR from implementation of this option. 
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6.6. TERRACE PROTECTION 

6.6.1 General 

Considered is given in this section to extension of the present rock revetment embankment at Klondyke Bend 

to provide continued protection of the RDR canal. 

The advantages of extending the present protection at Klondyke Bend are: 

I) Maximum utilisation of the present works. 

2) Some knowledge of channel processes and morphological trends at this location. 

3) Direct protection of the affected area such that possible future changes in channel morphology are 

inconsequential. 

4) Minimal intervention to natural bend or reach morphology. 

5) Established access to the site for construction and maintenance. 

6.6.2 Present Protection 

The present rock revetment protection at Klondyke Bend is approximately 310m long, including a 60 m long 

transition at the upstream end. The present embankment incorporates a right-ward bend initiated 

approximately 60 m from the downstream end. This is feature has been employed to direct flow away from 

the RDR embankment, on a course approximately parallel to it. The design cross-section of the present 

embankment is shown in Figure 6-1. A plan view of the embankment is shown in Drawing no. 9 and an 

oblique aerial photograph taken soon after construction is shown in Figure 6-5. 

6.6.3 Design of Extension 

Design of an extension to the rock revetment embankment at Klondyke Bend needs to take into consideration 

the bend development trends and processes identified in Section 6.2.2.3. An outline of the proposed 

extension to the Klondyke Bend rock revetment is shown on Drawing no. 9. 

The proposed upgraded embankment is approximately 480 m in total length. This includes a continuation of 

the present main embankment extending 50 m upstream of the end of the present rock transition. The 

downstream end of the proposed upgrade extends approximately 120 m downstream of the present 

embankment, along the same approximate line, parallel to the RDR. The crest height of the extension works 

is to be built to the 100 year flood design level; the same as for the existing embankment. Construction 

materials and cross-sectional design of this embankment should also be similar to that employed in the 



6-23 

existing structure (Figure 6-1). As can be seen from Drawing no. 9 the new embankment also includes a 

lower level transition at its downstream end. 

Upstream extension of the present protection has been proposed in order to combat lateral migration of the 

channel which was noted in Section 6.2.2.3. It is intended that the upstream end of the extended embankment 

be "tied into" the adjacent terrace so that the possibility of outflanking, by lateral migration of the channel or 

from an upstream channel avulsion across the low floodplain, does not initiate failure of the structure and/or 

erosion of the terrace. 

Downstream extension of the embankment along a line parallel to the RDR canal has been made because 

continued downstream migration of the meander bend is inevitable. Extension of the protection around the 

outside of the bend would likely result in intense scour and probable failure of the embankment, especially 

considering rapid downstream migration of the unprotected terrace which would occur at the end of the 

structure. 

The two year crest level transition shown at the downstream end of the proposed extension in Drawing no. 9 

has been included to reduce erosion of the bend embayment area. By building this transition "normal" river 

flows will be directed downstream, away from the embayment area. Because it is these "normal" flows which 

have been implied to cause the majority of lateral erosion of the embayment area at Klondyke Bend (Section 

6.2.2.3) it is expected that this transition will greatly reduce bend migration in this area. By providing less 

obstruction to 'extreme discharges it is hoped that this transition would suffer less damage than a full-level 

structure in the same location. Also, the potential loss of capital would be smaller. Filling of the area behind 

this structure with river gravels may reduce the potential for failure and assist in the training of normal flows. 

If successful it is expected that this structure will prevent erosion of the embayment area while allowing 

continued erosion of the downstream face. This would eventually result in loss of the embayment area and, 

through inhibiting the development of premature inflection, provide a more uniform rate of erosion along the 

terrace face. 

The proposed embankment has been shown extending into the present terrace line as it is believed that this is 

the required line and extent of the new works. Construction of this structure would thus require removal of a 

significant quantity of terrace material. This should be easily achieved by vertical drilling and blasting of the 

terrace face; an operation which would need to be undertaken by an experienced contractor. The material 

recovered from this operation could be used to back-fill the embayment area downstream of the new 

protection works. 

The 100 year level of bank protection specified during construction of the existing Klondyke Bend protection 

works may need to be reassessed. This is seen as necessary given that the rock work was almost over-topped 

during the 2,170 cumec flood of 13 December 1995. 

Consideration will need to be given to the water seepage problem from the terrace face at the downstream end 

of the present protection works during construction of the proposed extension. 
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A continuation of the revetment embankment may propagate the effect of flow concentration and resultant 

scour along the toe of the revetment. This suggests the need for deeper placement of the facing rock to 

provide for the increased scour, both along the main embankment and along the face of the downstream 

transition. 

While it is believed that the proposed extension of the protection work at Klondyke Bend will perform well it 

is likely that at some stage in the future a further extension of the protection work may be required. The 

timing and details of the extensions to be made will need to be judged based on performance of the previous 

works. 

6.6.4 Morphological Implications 

It may be inferred that protection work along toe of the terrace at Klondyke Bend will, by reducing erosion, 

decrease sediment supply to the river, thereby affecting downstream morphology. However, extension of 

protection works at this location will only reduce erosion of the embayment area in the bend. Erosion at this 

site over the last 34 years is less than 18 % of that which has occurred at bend 2 over the same period and 

obviously an even smaller fraction of the erosion which has occurred along the whole reach between the RDR 

intake and Klondyke Bend. Further, while protection works are likely to reduce erosion of the most critical 

part of the embayment area, erosion of the remaining portion is likely to continue. 

The proposed design should allow similar momentum dissipation against the downstream side of the 

Klondyke Bend terrace as was able to occur prior to construction. This is because flood flows will be able to 

pass over the low transition at the downstream end of the structure and be able to impinge on the terrace line 

at a similar angle as previously. This should ensure similar flow conditions downstream of the proposed 

structure as previously so that there are no adverse downstream morphological implications. 
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6.7. DISCUSSION 

6.7.1 Recommended Option 

In consideration of the information presented in the previous sections it is apparent that mitigation of erosion 

at Klondyke Bend would best be achieved through extension of the present protection work along the base of 

the eroding terrace. Based on interpretation of river morphology at this site is the author's opinion that the 

most effective solution would be achieved through implementation of the design outlined in Section 6.6.3. 

6.7.2 Capital Investment 

It is estimated that the cost of extension of the Klondyke Bend protection works is likely to be of a similar 

magnitude as for their original placement ($270,000). This is a relatively small sum when the value of the 

RDR asset being protecting is considered. Using the figures quoted in Chapter 1 the protection works 

represent only 8 days of lost peak generation capacity, 0.3% of the total value of RDR structures (not 

including the race itself), and 0.9% of the annual economic benefit to the regions economy. 

6.7.3 Methodology 

The following comments are extracts taken from various expert sources on the appropriate design of river 

control works. 

Clarke & Daniel (1986) state that the final design of the scheme should evolve as the scheme is implemented; 

in response to the reaction of the river. They see that by using this flexible design approach, along with 

construction of the works on an incremental basis, maximum cost effectiveness is achieved. 

Clarke & Daniel (1986) also state that careful and experienced judgement is required when deciding on the 

type, size, location and combination of river control measures to ensure they survive and have the desired 

effect. The designer must be able to visualise the changing river flow patterns as the river rises in flood. 

Account must be taken of the damage that can occur in medium flood when the angle of attack on the river 

banks may be greater than in high flood. 

Richards (1982) notes that local and piecemeal channel improvements can cause undesirable upstream and 

downstream effects, and gives examples of: 

1) Accelerated erosion downstream of realigned bends. 

2) Downstream aggradation (increased flood risk) and upstream incision (undermining) of straightened (& 

therefore steepened) river reaches. 



6-26 

Richards (1982) states the need to work with the river; its dynamic nature, natural sinuosity, bar formations 

etc., rather than adopting an interventionist approach which may cause severe upstream and downstream 

effects and possibly result in spectacular failure. 

Richards (1982) & Schumm (1977) note the need to recognise that while a river may be in "dynamic 

equilibrium" a sufficient length of river record needs to viewed in order to establish what this equilibrium is. 

The river may also be in the process of responding to an upstream or downstream change and may be 

undergoing a "complex response". Schumm emphasises the need to study the river closely so that any 

channel changes can be implemented such that they work with the river (its current morphological direction) 

rather than against it. 

It is believed that the principles of the above expert opinion have been followed in the consideration of 

alternatives and in the design of the preferred Klondyke Bend protection option. 

6.7.4 Monitoring 

It is important that regular monitoring of erosion along the Klondyke Bend terrace line be undertaken to judge 

the extent and location of ongoing erosion. This information is required in the immediate future to assess the 

urgency with which the recommended works should be implemented. 

Survey of the Klondyke Bend terrace line is required immediately after implementation of the proposed 

works and on a regular basis thereafter so that close monitoring of their performance is possible. 

A series of permanent survey benchmarks, linked to the RDR intake radial gate benchmark, should be 

established to enable accurate re-surveys of erosion at Klondyke Bend to be undertaken. 

Regular inspection and maintenance of the protection works is also required so that they are kept to the 

desired operational standard. 
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6.8. SUMMARY & CONCLUSIONS 

From analysis of historical aerial photographs of the Klondyke reach it can be seen that there has been a 

general downstream migration of the meander train and lateral development of the meander bends (Drawing 

no. 12). It has also been shown that there is very little tendency for meander bends to cut-off naturally for 

more than a short period. Also, given evidence from river terrace remnants that Klondyke Bend has been a 

stable entity for a considerable period it can be assumed that the bend will continue its present migration for 

the foreseeable future. 

Analysis of historical surveys, aerial photographs and annual maximum discharge data has shown that erosion 

of the Klondyke Bend embayment area occurs predominantly during "normal" river flow conditions (Drawing 

no. 9). 

From the position of historical terrace lines located on historical surveys and aerial photographs it can be seen 

that the present Klondyke Bend protection was necessary and has been effective at preventing progression of 

the river toward the RDR. From analysis of bend progression prior to implementation of the present 

protection works and from evidence of more recent bend morphology it appears that migration of Klondyke 

Bend does pose a significant threat to future integrity of the RDR canal. 

Consideration was given to two general erosion mitigation options: 

1) Realignment of the river channel away from the affected area through the old flood channel across the 

point bar of Klondyke Bend. 

2) Continuation of the present rock revetment protection works. 

Assessment of the river realignment option was assisted by a generic HEC-6 morphological model of the 

proposal. Morphological processes at work in the Klondyke reach and previous work on the effects of 

channel realignments by Richards (1982) & Schumm (1977) were also considered. 

For the reasons of expected higher placement and maintenance costs, potentially severe morphological 

implications within and beyond the realigned reach and the high susceptibility to failure resulting in residual 

risk to the RDR the channel realignment option was rejected. 

An alternative option of not completely realigning the river but using the flood channel across Klondyke Bend 

as a "relief valve" during flood flows was also rejected. This was due to the fact that the majority of erosion 

at Klondyke Bend has been shown to occur during "normal" river flows. The decision is backed by evidence 

of excessive erosion at Klondyke Bend since 1981 (45 m) during which time the flood channel has effectively 

been operating in this capacity. 

Continuation of the present rock revetment protection at Klondyke Bend is seen as the best option for 

mitigating erosion in this area. Conceptual design of extensions to the Klondyke Bend protection work is 
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presented on Drawing no. 9 and detailed in Section 6.6.3. It is believed that this design will provide optimal 

protection of the RDR embankment at least in the short to medium tenn (5-20 years). Adverse downstream 

impacts of this work should be minimal if not non-existent, while the rate of loss ofland along the Klondyke 

Bend terrace should be significantly reduced. 

Implementation of this work should be undertaken in the immediate future so that unnecessary risk to the 

RDR structure, additional construction costs and loss of the natural buffer zone are avoided. 

Survey of the Klondyke Bend terrace line should be undertaken immediately after implementation of the 

proposed protection work and on a regular ilasis thereafter so that close monitoring of its perfonnance is 

possible. A series of permanent survey benchmarks, linked to the RDR intake radial gate benchmark, should 

be established to enable accurate re-surveys of erosion at Klondyke Bend to be undertaken. 

Regular inspection and maintenance of the protection work should also be undertaken so that it is kept to the 

desired operational standard. 

It is possible that a future extension of the proposed protection work will be required. The timing and nature 

of these additional works will need to be ass~ssed based on perfonnance of the past protection measures. 
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6.9. RECOMMENDATIONS 

As a result of investigations presented in this chapter, the following recommendations are made: 

1) That extension of the present Klondyke Bend protection works be undertaken as an erosion mitigation 

measure rather than realignment of the main channel across the Klondyke Bend point bar. 

2) That the conceptual design of extensions to the Klondyke Bend protection works outlined in Section 

6.6.3 and shown in Drawing no. 9 be implemented. 

3) That this work be undertaken in the immediate future so that unnecessary risk to the RDR structure, 

additional construction costs and loss of the natural buffer zone are avoided. 

4) That survey of the Klondyke Bend terrace line be undertaken immediately following implementation of 

the proposed protection and on a regular basis thereafter so that close monitoring of its performance is 

possible. 

5) That a series of permanent survey benchmarks, linked to the RDR intake radial gate benchmark, be 

established to enable accurate re-surveys of erosion at Klondyke Bend to be undertaken. 

6) That regular inspection and maintenance of the protection works be undertaken so that they are kept to 

the desired operational stanoard. 
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FI GURE 6-1: Design cross-section of Klondyke Bend rock rip-rap revetment. 
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FIGURE 6-~: Conceptual design of Klondyke Bend channel realignment. 
Approximate sca le I: 11.000. Flow from top to bottom. 



FIGURE 6-3: RDR construction at Klond)ke Bend circa 1936-1940. 
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FIGURE 6-4: Klondyke Bend at I October 1965. 
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FIGURE 6-5: Oblique aerial photograph ofKlondyke Bend circa 1981. 
Floll (1'0111 left to right. 
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FIGURE 6-7: Aerial photograph mosaic of Intake to Klondyke Bend (SN 38, 20 December 1988). 
Approximate scale I: 14,000. Flow from top to bottom. 
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FIGURE 6-8: Aerial photograph mosaic of Intake to Klondyke Bend (DNRE L 8 June 1995). 
Approximate scale I: 13,000. Flow from top to bottom. 



FIGURE 6-9: Aerial photograph mosaic of Intake to Klondyke Bend (DNRE 1, 13 November 1995). 
Approximate scale I: 15,000. Flow from top to bottom. 
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FIGURE 6-10: Aerial photograph mosaic of Intake to Klondyke Bend (ONRE 3, 25 March 1996). 
Approximate scale I: 16,000 . Flow from top to bottom. 
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FIGURE 6-11: Channel diversion bed and water surface profile changes predicted by HEC-6 model. 
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FIGURE 6-12: Bed aggradation at downstream end of channel diversion predicted by HEC-6 model. 
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FIGURE 6-13: Bank erosion at Klondyke Bend. 3 August 1995. 
AITO\\ indicates extent 01" recel1tl~ deposited talus cones. 
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7.1. INTRODUCTION 

This chapter presents a summary of investigations into risk to operational integrity of the Rangitata Diversion 

Race (RDR) presented by bank erosion and extreme discharges in the Rangitata River. Overall conclusions 

from the work are presented and recommendations are made for future action. 

The investigation involved the following m~jor study areas: 

1) Erosion of the left river bank / RDR embankment along Intake Bend. 

2) Risk to the RDR canal and structures from flood discharges at Intake Bend. 

3) Erosion of the left river bank at Klondyke Bend which threatens the RDR canal. 

Suggested methods for exclusion of sediment from the RDR intake were also assessed during the 

investigation. However, the scope of this part of the work was considerably more restricted than for the other 

topics. 

This chapter is structured in a manner which addresses each of the investigated issues in tum. This has been 

achieved by combining the results of relevant sections in the previous chapters. 

A proposed monitoring program designed to address a lack of baseline information and the need for reliable 

data on physical changes at Intake Bend and Klondyke Bend is presented in Section 7.6. 

A series of recommendations for future action are presented in Section 7.7. 
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7.2. INTAKE BEND EROSION 

7.2.1 Introduction 

Concern has been expressed by RDR Management Ltd at perceived river bank erosion resulting in narrowing 

of the RDR embankment along Intake Bend. It was considered that if left unchecked this erosion could 

abrade the embankment to such an extent that during a large flood event a breach of the RDR would occur. 

This concern was based on field observations and comparison of recent and historical aerial and terrestrial 

photographs of the area. 

It was suggested that a physical hydraulic model of the reach may be able to discern whether this erosion 

poses a risk to the diversion race and if so to use the model to test various methods of controlling the erosion. 

As well as through construction and testing of a physical model investigations into bank erosion were 

undertaken by analysis of terrace sequences, channel evolution, bedload transport and bank morphology 

within the reach. 

7.2.2 Past Morphology 

Chapter 2 presents an analysis of morphology of the Intake Bend reach. From study of right bank terrace 

sequences along the Intake Bend reach, dating back as far as c. 15,000 years BP, it can be seen that the 

general long-term trend has been an eastward migration and outward development of the bend. This suggests 

a long-term tendency toward erosion of the left river bank along Intake Bend. 

Analysis of historical surveys and photographs shows that significant modification of the right river bank and 

narrowing of the channel by approximately 10-20 m has been associated with construction of the RDR. 

Construction of the RDR intake weir and narrowing of the channel has apparently also modified downstream 

bar geometry, which is inferred to have affected channel morphology within the reach. 

An estimated 10-15 m of lateral erosion along approximately 380 m of the right bank terrace from the RDR 

intake weir to cross-section no. 12 has been shown by comparison of 1962 and 1996 aerial photographs 

(Drawing no. 12). It is likely that erosion at this site has occurred due lateral constriction of the channel from 

construction of the RDR embankment and also from flow convergence as a result of the oblique intake weir. 

Measurements from aerial photographs show that approximately 10-15 m of erosion has occurred along the 

left bank of Intake Bend between cross-sections no. 10-19 over the 34 year period from 1962 to 1996 

(Drawing no. 12). Erosion appears to be worst upstream of cross-section no. 18 where a scallop in the left 

bank peaks at cross-section no. 17. Five floods in excess of 5 year return period have occurred during this 
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time, the most notable the 3,440 cumec flood of 1979 and the 2,960 cumec flood of 1994. An average rate of 

lateral erosion of 0.29-0.44 m y(l can be inferred from this information. 

Although the general longitudinal extent of this erosion can be defmed the actual lateral extent or rate of 

lateral erosion is not clear. This is due to the practice of placing sediment excavated from the RDR along the 

bank face. This affects lateral erosion estimates for two reasons. Firstly, the 1962 aerial photograph appears 

to show recently deposited material along the left bank face .. Tracing of the apparent bank face on this 

photograph would have artificially increased the estimate of the width of the intact embankment, especially 

considering that it is likely that the next moderate fresh in the river would have removed this loose material. 

Secondly, it is uncertain how effective this practice of replenishing the bank face is at retarding lateral bank 

erosion and therefore also how changes over the years in the quantity, timing and location of placed material 

have affected erosion rates. 

It does, however, appear that lateral erosion is occurring, in fact it would seem unreasonable to assume that it 

is not, given the fresh, unvegetated nature of the bank face. However, given that the channel cross-sections 

do not display significant scour at the bank edge, it would seem reasonable to assume that bank erosion is not 

rapid (Drawing no. 3). 

7.2.3 Sediment Transport 

Chapter 2 presents an analysis of bedload transport through the Intake Bend reach using semi-empirical 

bedload transport capacity equations. The results of the analysis are validated by data on volumes of 

accumulated sediment in the RDR presented by Stoker (1988). 

The main purpose of this part of the investigation was to assess the proposition that abstraction of water from 

the Rangitata River at Intake Bend has initiated aggradation of the river bed downstream of the RDR intake 

and hence exacerbated erosion of the true left river bank / RDR embankment. 

The bedload transport analysis indicates that the transport capacity at Intake Bend is far in excess of the 

amount of material able to be supplied, such that all sediment entering the reach will be transported through 

under all flow regimes. 

Results of the analysis show that RDR water abstraction reduces the factor of safety against deposition in the 

Intake Bend reach by approximately 11 %. However, even under RDR extraction, the bedload transport 

capacity below the RDR intake is approximately five times the rate of supply from upstream. Thus it can be 

concluded that RDR water abstraction has no significant adverse impact on downstream bed levels or bank 

erosion. However, it can also be said that RDR abstraction is unlikely to decrease the tendency for bank 

erosion. 
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The discrepancy between bedload transport capacity above and below the gorge would seem to indicate a 

tendency toward ongoing channel entrenchment at the downstream site. However, due to the extreme time 

period over which this has been occurring the channel bed below the gorge has become heavily armoured 

with large bed material. 

The results of sediment transport analysis, backed by documented field evidence from several separate 

sources, suggests that transport of bed material at Intake Bend does not occur until discharges Qc > 2,800 

m3s-1 (Tr > 20 yr). This has happened only three times during the last 60 years; 1957, 1979 & 1994 (Drawing 

no. 10). This information would suggest that at least the river bed along the Intake Bend reach is 

morphologically stable for all but the most extreme (low probability) events. 

The apparently wider channel along the Intake Bend reach could be explained by preferential erosion of the 

channel banks due to the presence of finer grained sediment in the channel banks. Possible weakening of this 

natural terrace structure during reworking associated with construction of the RDR canal may have also 

accelerated bank erosion in this area. Schumm (1977) also notes the tendency for rivers to adjust their 

planform pattern in preference to channel down-cutting due to the greater ease with which such lateral 

changes can occur. 

The occurrence of bank erosion along Intake Bend is also limited to high flow events during which time the 

water stage is great enough to actively erode the exposed fine-grained bank face, above the armoured bank 

basal area. This would tend to suggest that the rate of lateral bank erosion is small, occurring only during 

events perhaps in excess of the annual flood (Q > 1,340 m3s-1
; Tr> 2.33 yr). 

7.2.4 Physical Model 

Chapter 5 details the construction and testing of a I: 150 scale, moveable bed, physical hydraulic model of the 

Intake Bend reach. This model was built primarily to investigate fluvial erosion of the RDR embankment. 

River banks of the model were constructed of inerodible material and lateral bank erosion was inferred from 

the degree of vertical scour of bed material adjacent to the bank. 

The hydraulic characteristics and bed morphology of this model were successfully validated using field data 

from the 2,170 cumec flood of 13 December 1995, reports from the 3,440 cumec flood of 3 December 1979, 

and evidence from field visits, surveys and aerial photographs. 

Cross-sectional surveys of the model following flood simulations indicated no significant bank erosion to 

have taken place. This result was prevalent even under an extreme prototype equivalent discharge of 3,500 

cumecs (Tr = 66 yr) for a prototype equivalent duration of 8 hrs. At this flow rate the water surface is at the 

threshold of RDR embankment over-topping. 
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7.2.5 Discussion 

Analysis of historic morphology and activities at Intake Bend strongly suggests the occurrence, or at least 

strong potential, of lateral erosion along the true left river bank / RDR embankment. 

The fact that no bank erosion was able to be determined in the physical model stems from several 

possibilities: 

1) Scale effects in the model, such that reproduction of the bank erosion mechanism was unable to occur. 

2) The slow rate of erosion and related small scale of changes, such that these changes were undetectable in 

the model. 

3) An incorrectly assumed bank erosion control mechanism (scour of the bank basal area). 

4) The model is correct and significant bank erosion is not occurring. 

It is possible that recent erosion of the left river bank has been in response to narrowing of the channel caused 

by RDR construction. This erosion may have removed the more exposed and superficial material, leaving a 

stable armour layer behind, to the extent no~ that the river has reached its medium term equilibrium width. 

Considering that significant movement of bed material (erosion of bank material) doesn't occur until flood 

discharges in excess of 2,800 cumecs, and it is floods of this order which are a threat to embankment over

topping (3,450 ± 200 m3s-\ the risk imposed by rapid lateral bank erosion becomes less significant. 

It seems that the area of the RDR embankment at highest risk of failure due to bank erosion is the stretch 

immediately downstream of the present concrete revetment protection. High susceptibility to failure in this 

area is a result of several factors. Firstly, due to the narrowness of the RDR embankment at the downstream 

end of the concrete revetment protection. Secondly, the likely higher than normal flow velocities due to flow 

acceleration caused by the concrete revetment. Thirdly, the head difference between the river and the RDR 

during flood flows is greatest at the upstream end of the RDR embankment such that the risk of piping and 

simple gravitational failure are greater in this region. 

Further, inspection following the 2,170 cumec flood of 13 December 1995 showed that this flood had 

exposed the gab ion basket transition at the downstream end of the revetment protection. These gabion 

baskets are highly deteriorated, to the extent that the material filling them is readily exposed to erosion 

(Figure 7-1). This suggests an immediate need for their repair or replacement and/or protection. 

Accurate data on the location and rate of lateral erosion along the left bank at Intake Bend are required so that 

the need, type, location and urgency of implementation of erosion mitigation measures can be assessed. This 

strongly suggests the need for immediate implementation of an erosion monitoring program. A proposed 

monitoring program is presented in Section 7.6. 
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7.2.6 Erosion Mitigation Options 

Although the physical model of Intake Bend was not able to discern any significant erosion of the left bank, 

as a contingency measure two erosion mitigation options, bank revetment and stub groynes, were trialed on a 

purely hydraulic basis. 

No discernible difference, in terms of flow geometry, could be found between the use of rock rip-rap 

revetment and the baseline case. However, in terms of prototype dimensions, 15 m long rock stub groynes 

spaced at 45 m intervals were found to be successful in keeping high velocity erosive water away from the 

channel bank. The use of a 30° deflector groyne at the head of the groyne line, at the end of the present 

embankment concrete revetment, was found in the model to smooth the transition of flow from the 

embankment to the groyne heads. It was also found that benefit would be gained from moving the true left 

end of the intake weir downstream so as to form a more acute angle with the channel, thus providing a 

smoother transition of flow from the weir to the groyne head. 

Several variatioris and/or combinations of the bank protection methods trialed in the model could be 

implemented along Intake Bend. Some of these options have been outlined in Chapter 5. The selection of an 

appropriate bank protection measure will need to be assessed on the basis of the location and intensity of 

erosion and will also need to consider the risk of embankment over-topping which poses a greater short-term 

threat to the RDR than does bank erosion. Preliminary design and costing of various bank protection 

measures could be carried out in the immediate future so that the timely implementation of appropriate works 

(if required) could be undertaken following receipt of the results from the erosion monitoring program. 
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7.3. RDR SEDIMENT EXCLUSION 

7.3.1 Introduction 

Concern has been expressed over sediment admission to the RDR canal and whether the present intake weir 

geometry is optimal for minimising such admission. It was requested that the physical model be used to 

investigate the effectiveness of various weir geometry scenarios at reducing RDR sediment admission. The 

results of this analysis are presented in Chapter 5. 

7.3.2 Physical Model 

Several changes to the geometry of the RDR intake weir, in an attempt to reduce sediment admission to the 

RDR canal, were tested in the physical model. Aligning the weir perpendicular to the channel centreline, on 

an oblique angle opposite to the present case and the incorporation of sluice gaps in the weir were all trialed. 

All these options resulted in significant adverse effects ranging from significant scour of the weir and river 

bed, to premature inundation of the intake gates pier and over-topping of the RDR embankment, to excessive 

erosive pressure on the RnR embankment and possible enhanced supply of sediment to the RDR canal. 

It was found that the present RDR intake weir alignment gave the best overall performance. However, in the 

event of groynes being used to mitigate bank erosion, it was found that benefit would be gained from moving 

the true left end of the intake weir downstream so as to form a more acute angle with the channel, thus 

providing a smoother transition of flow from the weir to the groyne head. 

7.3.3 Discussion 

The cost of making effective changes to the intake system in order to limit sediment admission to the RDR 

canal is likely to be significant. As demonstrated in the model there is also potential for severe adverse 

effects. The net benefit to be gained from possible modifications needs to be assessed, ie. the net cost of 

present extraction activities needs to be defined, so that a justifiable net expenditure on modifications can be 

set. 

In the cost/benefit analysis the real and potential benefits of sediment extraction should be considered: 

I) Material excavated from the race can be used to raise the embankment crest level thus reducing the risk 

of over-topping during an extreme flood event. 

2) Material can also be deposited along the river face of the RDR embankment in an attempt to retard 

erosion. 
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3) There are potential future commercial benefits from the excavated material if it can be sold as washed 

gravels to the construction industry. 

4) Similarly, the extracted gravel can be used by RDR Management Ltd for production of concrete erosion 

protection works. 

It is recommended that the net benefit of reducing sediment admission to the RDR canal, considering the 

above factors, be defined before further consideration is given to measures to reduce sediment admission. 
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7.4. INTAKE BEND FLOOD RISK 

7.4.1 Introduction 

RDR Management Ltd requested that risk to operational integrity of the RDR from extreme flood events in 

the Rangitata River be investigated. This information is crucial to RDR Management Ltd for identification of 

areas requiring remedial works, long term asset management, contingency planning and for insurance 

purposes. 

Direct risks presented to the RDR system in the Klondyke reach stem from damage to the intake structure and 

damage resulting from over-topping ofthe RDR canal embankment. Over-topping of the RDR canal is likely 

to result in damage to the embankment and deposition of silt and debris in the race. Over-topping water may 

also cause damage to the intake radial gate structure and float-house and other downstream structures 

including the RDR sand trap and race bridges. Excess water within the race may also result in a downstream 

breach of the RDR embankment causing further damage to the race itself and to adjacent property and assets. 

The most likely site for a breach of the race caused by excessive water admission is at the RDR sand trap 

where freeboard is minimal. 

The approach taken for the risk assessment was to construct a MIKE 11 numerical hydraulic model of the 

Intake Bend reach so that water surface profiles of flood discharges could be accurately simulated (Chapter 

4). This allowed calculation of discharges of critical flood profiles, ie. those which would be likely to result 

in damage to RDR assets. The probability of occurrence of these floods was then estimated by performing a 

return period analysis of historical river flows (Chapter 3). 

Modelling the consequences of embankment over-topping, breaching of the RDR embankment and down

channel flooding were not undertaken. 

7.4.2 Flood Frequency Analysis 

The flood frequency analysis was undertaken using 51 years of official annual maximum discharge data over 

the period 1936-1995 (1958-1966 exclusive). Inspection of the Rangitata River annual maximum discharge 

series, however, shows that the discharges quoted for the original PWD stage recorder site which operated 

from 1936 to 1957 are on average 40% higher than discharges recorded after this period. Replotting of the 

official stage-discharge data given by Scarf & deJoux (1980) indicated that, when they reassessed the original 

rating curve for the stage recorder, they were not aware of the single high-flow gauging point taken in 1955. 

Re-rating the site using the 1955 data point enabled the discharges quoted by Scarf & deJoux (1980) to be 

reduced by 19%, to a level not too dissimilar to the discharges given by the original rating curve. However, 

the re-rated PWD recorder data is still on average 15% higher than the data recorded after this period. 
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A factor which could at least partially explain the remaining difference is evidence of high annual rainfall 

during this early period. Rainfall records at Hokitika show that approximately 25% of annual floods within 

the PWD recorder period could have been enhanced by summer rainfall which was up to 10% greater than 

any other period on record. Changes in the condition of the catchment may also have played some role in the 

occurrence high flood discharges during the PWD recorder period. Some of the difference between the 

means of the early and later data may also simply be attributed to the [mite and disparate data lengths being 

considered. 

Comparison of Rangitata River annual maximum discharges with those of the Waimakariri River indicates the 

appropriateness of the re-rated PWD recorder data and gives support for a wet period during the early record. 

Comparison of the Rangitata River CRC and SCCR WB recorder data sets with the Rakaia record tends to 

suggest a discrepancy between the rating curves applied at these two sites. 

Analysis of the occurrence of historical floods (1868-1995) suggests that flood frequency analysis based on 

the present official annual maximum discharge series results in erroneous estimation of flood return period (Tr 

== average interval in years between events in which the discharge will be equalled or exceeded). However, 

re-analysis using the re-rated PWD recorder data results in estimates of return period which agree very 

closely with the observed occurrence frequencies of historical floods. 

Flood frequency analysis based on the re-rated data gives return period estimates significantly longer (less 

conservative) than those given by the previous analysis. This is indicated by the lower discharge for a 

particular return period shown by Table 7-1. 

TABLE 7-1: Comparison of discharge estimates from the two flood frequency analyses. 

T,. [yr] 

Q(old) [m3s· l
] 

Q(II<II~ [m3s· l
] 

2.33 

1,338 

1,140 

5 

1,891 

1,590 

10 

2,342 

1,956 

20 

2,775 

2,307 

50 

3,335 

2,762 

100 

3,755 

3,103 

Note: Subscripts "old" and "new" refer to flood frequency analyses based on the existing and re-rated PWD recorder 
discharge data respectively. 

All indicators seem to suggest that the annual maximum discharge data recorded at the PWD site need to be 

reduced by approximately 20% of their present value. Further, a reassessment of the data recorded at the 

CRC and SCCRWB sites may be necessary in order to ensure homogeneity of the annual maximum discharge 

record. 

Accurate estimation of flood frequency is crucial to RDR Management Ltd for long term management of its 

assets. Thus, it is important that every effort is made to ensure the accuracy and homogeneity of the Rangitata 

River annual maximum discharge series so that the best possible estimates of flood frequency are available. 
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Work is presently being undertaken by the Canterbury Regional Council to reassess the early Rangitata River 

discharge record (Horrell, pers. camm.). While a detailed analysis was beyond the scope of this dissertation, 

is hoped that the work presented here will go some way to assisting this effort. 

7.4.3 Flood Risk 

The MIKE 11 model was constructed using survey data collected by the author during 1995. The model was 

calibrated using flood level data collected during the 2,168 cumec flood of 13-14 December 1995. The 

model showed sufficiently close agreement with the range of calibration data collected, given consideration of 

effects not directly able to be simulated. Extrapolation of model results to higher discharges was made by 

consideration of additional effects likely to occur at these higher discharges. 

Collection of further flood level data is required in order to refine model calibration and validate the model at 

higher discharges. A proposed data collection program is outlined in Section 7.6.1 

Three "critical" RDR embankment over-topping discharge scenarios were formulated to cover the likely 

range of possible solutions. Comparison of these solutions with historical evidence of embankment over

topping during the 3,400 ± 200 cumec flood of 3 December 1979 suggested that both the "likely Case" and 

"Worst Case" scenarios were feasible. The decision of which scenario to adopt has been left to the reader, 

based on their particular requirements, and after having read the appropriate sections of Chapter 4. 

The two "feasible" solutions gave a critical RDR embankment over-topping discharge range of Q = 3,450 ± 

200 m3s-1
• This has an associated return period range of Tr = 43-84 years, based on return period analysis 

using the present annual maximum discharge data. However, the results of the return period analysis using 

the re-rated PWD recorder data gives a return period range of Tr = 135-306 years. This second assessment, 

which from all indications appears to be a better estimate, indicates a lower probability of failure of the RDR. 

However, this gives no guarantees that a catastrophic event, or series of events, will not occur in the 

immediate future. 

The more useful parameter (J) gives the probability of the flood being exceeded at least once in N years. 

Table 7-2 below shows the probability of the RDR embankment being overtopped at least once for a range of 

time periods for the feasible critical discharge range and flood frequency analyses considered. 



TABLE 7-2: Probability (J) of RDR embankment over-topping at least once in N years. 

N [yr] 5 

1.2-2.3 5.8-11 

0.3-0.7 \.6-3.6 

10 

11-21 

3.2-7.2 

20 

21-37 

6.3-14 

50 

45-69 

15-31 

7-12 

100 

70-90 

28-53 

Notes: I) Lower and upper ends of the return period range are based on the "Worst Case" and "Likely Case" modelling 
scenarios respectively. 

2) Subscripts "old" and "new" refer to flood frequency analyses based on the existing and re-rated PWD 
recorder discharge data respectively. 

The sensitivity of RDR embankment crest level to flood protection was investigated by calculating the change 

in water surface elevation at the head of the embankment for various discharges in excess of the critical 

values previously calculated. The results of this analysis show that the over-topping discharge return period 

is very sensitive to embankment crest level. Table 7-3 shows the significant reduction in flood risk which can 

be achieved by only a small increase in embankment level. Values in Table 7-3 are tabulated for the feasible 

critical discharge range for the two flood frequency analyses considered. 

These results suggest that the most be made of the present embankment geometry by filling low areas in the 

embankment crest and "topping-up the slumped concrete revetment slabs. Similarly, considerable advantage 

could be gained by constructing a low flood levee along the top ofthe RDR embankment at its upstream end. 

TABLE 7-3: Sensitivity of over-topping discharge return period (T,) to embankment crest elevation (H). 

&f[m] 0.1 0.2 0.3 0.4 0.5 

LJT,(o/J) [yr] 6.4-15 14-33 24-56 35-82 47-115 

25-69 57-155 96-271 144-404 201-581 

Notes: Refer Table 7-2. 

Flood profiles generated by MIKE II under all the considered scenarios showed that the RDR intake pier 

would suffer inundation at a lower discharge than that at which the RDR canal embankment would be 

overtopped. Reports that flood debris was lodged in the railing of the intake pier following the 2,964 cumec 

flood of 9 January 1994 suggest that such an occurrence would have a return period of the order of 27 years 

(or 75 years using the analysis based on the re-rated PWD discharge data). Damage to the gate lifting 

mechanisms associated with flood inundation could present a hazard from the gates being unable to be closed 

in an emergency situation. It is suggested that this eventuality be considered and appropriate mitigative 

and/or contingency measures be taken. 

Embankment failure, and associated down-channel flood damage, can occur due to embankment over-topping 

by flood waters. However, failure can also occur due to weakening of the embankment caused by excessive 

water seepage. If this seepage has been ongoing it is possible that embankment failure could occur at a much 

smaller than "critical" river discharge. Significant seepage through the RDR embankment has been noticed 

immediately downstream of the intake radial gate when the river is in flood. It is suggested that this seepage 
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be investigated and an effort be made to halt its occurrence. The drilling of a grout screen along the affected 

area of the embankment has been suggested as a solution. 

Due to the potentially catastrophic nature of an embankment breach during a major flood it is suggested that 

breach warning and mitigation options be investigated and implemented. The intake radial gate float house 

could be used to generate warnings when an excessively high, or a rapid increase in, RDR water level was 

experienced as this could be indicative of the initiation of embankment failure. The RDR sand trap 

dewatering sluice could be used to flush flood waters from the RDR canal. Similarly, an emergency side-spill 

weir could be installed in the vicinity of the sand trap to spill flood waters from the canal in a controlled 

manner. 
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7.5. KLONDYKE BEND EROSION 

7.5.1 Introduction 

Fluvial erosion of the true left river bank terrace at Klondyke Bend has been of concern to management of the 

RDR for some time. It is considered that further erosion of this terrace could undermine the adjacent RDR 

embankment resulting in breach of the race and the need for extensive remedial works. 

Significant erosion occurred at this site during the floods of December 1979 which resulted in a need to 

address the problem seriously. Two erosion mitigation options were suggested and investigated. The fIrst 

option involved placing a rock rip-rap lined embankment along the toe of the terrace to protect it from direct 

erosion. The second option involved realigning the meander pattern using a series of rock-lined 

embankments. The former option was eventually selected and implemented because of its expected lower 

maintenance costs and susceptibility to failure. 

In the 15 years since its implementation the rock lining has provided protection to the terrace and prevented 

lateral erosion along its length. However, signifIcant erosion of the terrace beyond the downstream end of the 

protection has continued to a point where a 'reassessment of the situation is required. 

RDR Management Ltd requested that as part of the investigation an assessment of the situation at Klondyke 

Bend be carried out and a recommendation be made for future action. It was intended that this investigation 

be used as supporting evidence for resource consents required to carry out any necessary work in the 

Klondyke Bend area. 

7.5.2 Work Performed 

Assessment of erosion trends and mitigation options at Klondyke Bend was undertaken primarily through 

analysis of historical photographs and river discharge data. River morphology trends have been inferred from 

study of river terrace remnants, recent river bank erosion, bar morphology and intervening discharge regimes. A 

generic analysis of the effects on river bed and water surface profiles from a proposed bend cut-off to mitigate 

erosion at Klondyke Bend was undertaken using a HEC-6 morphological model. Assessment of erosion 

mitigation options and conceptual design of a recommended option was based on the above data and documented 

experience of similar situations on other rivers. 

7.5.3 Summary & Conclusions 

From analysis of historical aerial photographs of the Klondyke reach it can be seen that there has been a 

general downstream migration of the meander train and lateral development of the meander bends (Drawing 
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no. 12). It has also been shown that there is very little tendency for meander bends to cut-off naturally for 

more than a short period. Further, given evidence from river terrace remnants that Klondyke Bend has been a 

stable entity for a considerable period it can be assumed that the bend will continue its present migration for 

the foreseeable future. 

Analysis of historical surveys, aerial photographs and annual maximum discharge data has shown that erosion 

of the Klondyke Bend embayment area occurs predominantly during "normal" river flow conditions (Drawing 

no. 9). 

From the position of terrace lines located on historical surveys and aerial photographs it can be seen that the 

present Klondyke Bend protection was necessary and has been effective at preventing progression of the river 

toward the RDR. From analysis of bend progression prior to implementation of the present protection works 

and from evidence of more recent bend morphology it appears that migration of Klondyke Bend poses a 

significant threat to future integrity of the RDR canal. 

Consideration was given to two general erosion mitigation options: 

1) Realignment of the river .channel away from the affected area through the old flood channel across the 

point bar of Klondyke Bend. 

2) Continuation of the present rock revetment protection works. 

Assessment of the river realignment option was assisted by a generic HEC-6 morphological model. 

Morphological processes at work in the Klondyke reach and previous work on the effects of other river 

channel realignments by Richards (1982) & Schumm (1977) were also considered in the assessment. 

Because of expected higher placement and maintenance costs, potentially severe morphological implications . 

both within and beyond the realigned reach, high susceptibility to failure and thus residual risk to the RDR the 

channel realignment option was rejected. 

An alternative option of not completely realigning the river but using the flood channel across Klondyke Bend 

as a "relief valve" during flood flows was also rejected. This was due to the fact that the majority of erosion 

at Klondyke Bend has been shown to occur during "normal" river flows. The decision is backed by evidence 

of excessive erosion at Klondyke Bend since 1981 (45 m) during which time the flood channel has effectively 

been operating in this capacity. 

Continuation of the present rock revetment protection at Klondyke Bend is seen as the best option for 

mitigating erosion in this area. Conceptual design of extensions to the Klondyke Bend protection work is 

presented on Drawing no. 9 and detailed in Chapter 6. It is believed that this design will provide optimal 

protection of the RDR embankment at least in the short to medium term (5-20 years). It is expected that the 

rate of land loss along the Klondyke Bend terrace will also be significantly reduced. Adverse downstream 

impacts of this work should be minimal if not non-existent. 
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Implementation of this work should be undertaken in the immediate future so that unnecessary risk to the 

RDR structure, additional construction costs and loss of the natural buffer zone are avoided. 

Survey of the Klondyke Bend terrace line should be undertaken immediately after implementation of the 

proposed protection work and on a regular basis thereafter so that close monitoring of its performance is 

possible. A series of permanent survey benchmarks, linked to the RDR intake radial gate benchmark, should 

be established to enable accurate re-surveys of erosion to be undertaken. 

Regular inspection and maintenance of the protection work should also be undertaken so that it is kept to the 

desired operational standard. 

It is possible that a future extension of the proposed protection work will be required. The timing and nature 

of these additional works will need to be assessed based on performance of the past protection measures. 
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7.6. MONITORING 

7.6.1 Intake Bend 

From investigations undertaken along the intake section of the RDR, issues regarding establishment of 

baseline data and ongoing monitoring have been raised. It appears that the desired information can be 

gathered most usefully and efficiently if undertaken as part of a combined monitoring program. 

The most crucial factor to enable this monitoring program to be successful is the ability to perform accurate 

repeat surveys. The only permanent benchmark at the RDR intake site is the brass pin on the RDR intake 

radial gate wing-wall. To ensure integrity of this benchmark and the establishment of an accurate local survey 

grid so that future surveys can be efficiently initiated and undertaken in the same co-ordinate system, 

additional benchmarks are required. To enable survey information collected as part of this investigation to be 

used as baseline data, it is suggested that the co-ordinate system used for that survey be retained (Drawing no. 

2). 

Physical characteristics oftheRDR intake reach whieh would be desirable to monitor are: 

1) Erosion along the left river bank ofIntake Bend. 

2) Ongoing extraction of sediment from the RDR immediately downstream of the radial gate, including 

extensive extraction during triennial shut-down. 

3) Settlement of the concrete revetment slabs at the upstream end of the RDR embankment. 

4) Possible settlement of the RDR intake siphon and pier. 

5) Peak flood water surface profiles. 

As stated previously, monitoring of bank erosion along the left river bank at Intake Bend is required so that 

the need, type, location and urgency of implementation of erosion mitigation measures can be assessed. 

Surveys should be taken along the cross-sections established during the 1995 survey so that this information 

can be used as baseline data. It should be noted that during the 1995 survey cross-sections no. 10 & 11 were 

covered by windrows of RDR excavated sediment and thus these sections will not be representative of the 

true intact bank cross-section at that time. 

Surveys should be repeated immediately following significant flood events to assess the impact of that event 

and so that any RDR excavated sediment concealing the intact bank face has been washed away. A repeat 

survey is required in the immediate future to assess the effects of the 2,170 cumec 13 December 1995 flood. 

Surveys should be performed before sediment excavated from the RDR is placed over the bank edge so that 

accurate information regarding the true intact bank face is attained. 

Monitoring of RDR sediment extraction has several facets. Survey of RDR cross-sections required for this 

work will enable monitoring of any bank erosion / accretion within the race and any effects on the RDR cross-
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section from the method of extraction. Monitoring of extraction depths and changes in bed profiles will also 

be possible. The establishment of permanent monitoring cross-sections will also enable monitoring of the rate 

of sediment accretion and the efficiency of sediment trapping resulting from various extraction techniques. 

Knowledge of gravel extraction volumes resulting from cross-sectional surveys has several potential 

applications: 

I) It may be used as an indicator of operational efficiency. 

2) It provides a measurement of the resource for possible commercial application and/or for use as 

embankment fill and bank replenishment. 

3) As demonstrated in Chapter 2 the natural sediment trapping properties of the RDR provides potentially 

significant scientific opportunity for more accurate measurement bedload transport in the Rangitata 

River. This may provide an opportunity for refinement of methods for estimating bedload transport in 

similar New Zealand gravel-bed rivers. To this end, some assistance with monitoring of sediment 

excavation volumes may be forthcoming. 

Documentation of RDR sediment extraction volumes, timing of extraction, and fate of the sediment needs to 

be performed on an operational basis. This would allow monitoring of the rate and location at which raising 

of the RDR embankment crest level occurring. Knowledge of the volume, lateral extent and timing of 

placement of sediment along the left bank river face, together with the results of bank erosion monitoring, 

may also give an indication of the effectiveness of this practice at retarding lateral bank erosion. Proof of 

gravel extraction volumes and the fate of the extracted gravel is also potentially a future resource consent 

requirement. 

Surveying of RDR cross-sections will need to be performed immediately prior to and following extraction of 

sediment so that the correct bed profiles before and after excavation are established and extraction volume is 

accurately measured. RDR monitoring cross-sections can be placed in-line with the erosion monitoring cross- . 

sections (river cross-sections measured in 1995) so that one set of sighting points can be established for both. 

Intermediate cross-sections can be placed where the number of established cross-sections are inadequate. 

Monitoring of settlement of the concrete revetment slabs at the head of the RDR canal is not only important 

because of the reduced flood protection that this represents, but also as a possible indicator of imminent 

failure of the structure or of the underlying protection / embankment material. Significant settlement (up to 

0.51 m), undercutting and slumping of some of the concrete slabs was noticed during field visits (Figure 7-2). 

Monitoring of settlement of the RDR intake siphon is required as an indicator of integrity of the structure. 

Past settlement of the landward end of the intake pier catwalk and lifting of concrete slabs covering the ballast 

chamber following the 13 December flood have been noticed during field visits (Figure 7-3). 

Recording of peak flood levels along the Intake Bend reach will enable validation and/or refined calibration 

of the MIKE II model used to predict the critical RDR embankment over-topping discharge. Water surface 

profiles for discharges in excess of the 2,168 cumec flood used for calibration of the model would be 
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desirable. Greater density of calibration points in the vicinity of the RDR intake weir, than that taken 

previously, would be also desirable as this is the critical location for RDR embankment over-topping and 

because modelling of this structure involved assumptions regarding its hydraulic characteristics due to 

insufficient field data. Marking of graduations on the upstream column of the intake gates pier (cross-section 

no. 5) will allow frequent recording of stage at this location and thus the establishment of a stage-discharge 

relation to assist in modelling of the intake weir. Flood levels should be taken along the left bank at each of 

the surveyed river cross-sections between cross-sections no. 4-19 inclusive. 

Considering the above factors the following monitoring package is proposed: 

1) Multiple redundancy permanent survey benchmarks should be established at Intake Bend to ensure 

accuracy of and reliability of survey data and greater ease of survey set-up. The reference for the 

additional benchmarks should be the present benchmark pin on the RDR intake radial gate wing-wall and 

the co-ordinate system established during the 1995 survey. Suggested locations for the new benchmarks 

are the concrete wall above the RDR intake siphon (close to the original benchmark at this location) and 

at the RDR radial gate float house (Drawing no. 14). These benchmarks need to be made of permanent 

material, be well-founded, accurately surveyed in all three co-ordinates and clearly labelled. 

2) Monitoring points shouldl:le established on the RDR concrete revetment slabs. A monitoring point (eg. a 

terrier bolt or Ramset nail) should be placed on the top of each slab. These should be put in place and 

surveyed in the near future and monitored at least on a triennial basis and following significant flood 

events. 

3) Monitoring points should be established on the RDR intake siphon and pier. The points used for this 

monitoring should be the three terrier bolt survey points used during the 1995 and 1987 surveys (points 

1, 2 & 2', Drawing no. 14). It should be noted that the terrier bolt used at point 2 will need to be 

replaced as it has since become dislodged. In addition, a marker should be established at the landward 

end of the RDR intake pier catwalk to monitor possible settlement at this site. These points should be 

monitored on at least a triennial basis and following significant flood events. 

4) RDR sediment excavation / bank erosion monitoring cross-section sighting points should be established. 

These should be well-founded and accurately surveyed markers at which sighting poles can be erected to 

enable accurately repeatable cross-sectional surveys to be undertaken. The sighting points should be 

located, as shown in Drawing no. 14, along the line of the 1995 surveyed cross-sections; with an 

additional cross-section (no. 11') between cross-sections no. II & 12. These sighting points should be 

founded either side of the RDR at a location where they will not be subject to disturbance from vehicles 

or heavy machinery. Because of operation of the dragIine along the right canal bank immediately 

downstream of the intake radial gate sighting points in this area may need to be omitted and temporarily 

placed during surveys based on surrounding points, or if possible, simply offset to an area outside the 

dragline operation / sediment windrow zone. 

Sighting points are spaced at approximately 50 m intervals downstream ofthe RDR intake radial gate to 

cross-section no. 12 (Drawing no. 14). This close spacing is to enable monitoring of frequent operational 

sediment extraction in this area and the critical bank erosion zone (due to enhanced erosion downstream 
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of the concrete revetment and the narrowness of the RDR embankment in this region). If necessary, 

additional RDR cross-sections may be spaced at mid intervals between the others, as shown in Drawing 

no. 14. 

Downstream of cross-section no. 12 sighting points are placed in line with the 1995 surveyed cross

sections to provide bank erosion and triennial RDR extraction monitoring at approximately 100 m 

intervals. 

5) Monitoring of bank erosion should be carried out along the cross-section lines defined in Drawing no. 14. 

Each transect should begin from the right canal bank sighting point and extend into the river channel to 

sufficiently define the river bank edge and bank basal area. Levels should be referenced to the right 

canal bank sighting point, which should be checked during each survey. Surveys should be repeated 

immediately following significant flood events to assess the impact of that event and so that any RDR 

sediment covering the bank face has been washed away. A survey is required in the immediate future to 

assess the effects of the 2,170 cumec 13 December 1995 flood. Surveys should be performed before 

sediment excavated from the RDR is placed over the bank edge so that accurate information regarding 

the true intact bank face is attained. 

6) Operational sediment extraction from theRDR below the intake radial gate should be monitored. Cross

sectional surveys should be performed, along the lines defmed by the sighting points shown in Drawing 

no. 14. Additional cross-sections at midpoints between these may also be taken. The need for these will 

depend on the extent and regularity of extraction activities. Transects should extend between sighting 

points and be sufficiently detailed to accurately define the cross-section. Surveying of RDR cross

sections will need to be performed immediately prior to and following extraction of sediment so that the 

correct bed profiles before and after excavation are established and so that extraction volume is 

accurately measured. 

7) Sediment extraction from the RDR during triennial shutdown should be monitored in a similar fashion to 

that undertaken for the more regular extraction immediately downstream ofthe RDR radial gate. 

8) The total volume, timing and fate of all excavated sediment should be accurately and consistently 

documented. 

9) Peak flood levels along the left bank of the Intake Bend reach at cross-sections no. 4-19 inclusive should 

be recorded during high flood events to enable validation and/or refined calibration of the MIKE 11 

model used to predict the critical RDR embankment over-topping discharge. Water surface profiles for 

discharges in excess of the 2, 168 cumec flood used for calibration of the model would be desirable. 

Marking of graduations on the upstream column of the intake gates pier (cross-section no. 5) and 

frequent recording of stage and time at this location should be undertaken to allow the establishment of a 

stage-discharge relation to assist in modelling of the intake weir. 

10) Regular analysis and assessment of the collected data should be undertaken. 

This proposed monitoring program, especially the bank erosion component, should be initiated in the 

immediate future. 
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7.6.2 Klondyke Bend 

Monitoring activities at Klondyke Bend are directly related to assessment of bank erosion and integrity of the 

protection works. The following suggestions regarding monitoring at Klondyke Bend and survey grid 

uniformity and survey reference points between Intake Bend and Klondyke Bend are made: 

1) That a series of permanent survey benchmarks at Klondyke Bend be established to enable accurate re

surveys of terrace erosion and monitoring of protection works at Klondyke Bend to be undertaken. 

2) That the benchmarks at Klondyke Bend be linked to the survey co-ordinate system established at Intake 

Bend by a survey traverse between the two sites. This traverse should also establish permanent 

benchmarks at the RDR sand trap radial gate structure, RDR gauging station and at staff gauges and 

bridges within the reach between the RDR intake and Klondyke Bend. 
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7.7. RECOMMENDATIONS 

7.7.1 Intake Bend Erosion 

Based on the infonnation presented in Section 7.2 the following recommendations are made: 

I) That the erosion monitoring program outlined in Section 7.6.1 be implemented in the immediate future 

and the results of this be used to assess the need, type, location and urgency of implementation of erosion 

mitigation measures at Intake Bend. 

2) That the infonnation presented in Section 7.2 be considered in the analysis of bank erosion and in the 

selection of an appropriate bank protection method. 

7.7.2 RDR Sediment Exclusion 

As a result of investigations perfonned in the physical model (Chapter 5) and the discussion presented in 

Section 7.3.3 the following recommendations are made: 

1) That changes to weir alignment and geometry investigated in the physical model be rejected due to the 

adverse effects of these measures. 

2) That the net benefit of reducing sediment admission to the RDR canal, considering also the positive 

aspects of sediment admission, be defined before further consideration is given to measures to reduce it. 

7.7.3 Intake Bend Flood Risk 

7. 7. 3.1 Flood Frequency Analysis 

As a result of the annual maximum discharge record inspection and flood frequency analyses presented in 

Chapter 3 the following recommendations are made: 

I) That the preferred flood frequency analysis presented in Chapter 3 be used until a new one based on a 

reassessment of the annual maximum discharge series is undertaken. 

2) That the annual maximum discharge values quoted by Scarf & deJoux (1980) for the PWD recorder be 

reassessed. 

3) That the apparent rating differences between the CRC and SCCR WB recorders be investigated. 

4) That a new "official" flood frequency analysis based on reassessed annual maximum discharge data be 

undertaken and verified with available data on historical flood occurrence. 
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7. 7.3.2 Flood Risk 

After consideration of the results of computer modelling, numerous site visits and consultation with involved 

parties, the following recommendations are made: 

1) That consideration be given to the relatively high occurrence of inundation of the intake pier and the 

potential for this to result in the inability to close the gates in an emergency situation. 

2) That an effort be made to maximise the present flood protection capacity of the RDR embankment by 

consolidating weak and low lying areas. Also, that consideration be given to the construction of a low 

levee along the embankment crest at its upstream end to increase the flood protection capacity of the 

embankment. 

3) That an attempt be made to stop or reduce water seepage through the embankment from the river to the 

RDR, perhaps through the installation of a grout screen and/or a surface lining. 

4) That RDR embankment breach warning and contingency measures such as presented in Chapter 4 be 

investigated and implemented. 

5) That further field data be collected, as described in Section 7.6.1, to allow improved calibration and 

validation of the model. 

7.7.4 Klondyke Bend Erosion 

As a result of investigations presented in Chapter 6, and summarised in Section 7.5, the following 

recommendations are made: 

1) That extension of the present Klondyke Bend protection works be undertaken as an erosion mitigation 

measure rather than realignment of the main channel across the Klondyke Bend point bar. 

2) That the conceptual design of extensions to the Klondyke Bend protection works outlined in Chapter 6 

and shown in Drawing no. 9 be implemented. 

3) That this work be undertaken in the immediate future so that unnecessary risk to the RDR structure, 

additional construction costs and loss of the natural buffer zone are avoided. 

4) That survey of the Klondyke Bend terrace line be undertaken immediately following implementation of 

the proposed protection and on a regular basis thereafter so that close monitoring of its performance is 

possible. 

S) That regular inspection and maintenance of the protection works be undertaken so that they are kept to 

the desired operational standard. 
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7.7.5 Monitoring 

It is recommended that the monitoring program described in Section 7.6 be implemented in the immediate 

future; most critically that component associated with monitoring of bank erosion at Intake Bend and 

Klondyke Bend. 
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FIG 1I RE 7-1: Exposure and deterioration of Gabion transition downstream of concrete revetment. 



FIGURE 7-'2: Slumping of concrete revetment slabs. 
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fiGURE 7-3: Lifting or RDR intake siphon concrete slab and slumping of intake pier cafwalk. 
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GLOSSARY 

ALIS: Ashburton-Lyndhurst Irrigation Scheme. 

Alluvial (Alluvium) : Formed, deposited by running water (Farris Lapidus & Winstanley, 1987). 

amsl : Above mean sea level. 

Annual Exceedance Probability (AEP) : The probability that the event will be equalled or exceeded in anyone 
year. 

Aranllian : The time since commencement of postglacial environmental conditions (approximately 15,000 -
12,000 years BP). 

Attrition: The act of gradually wearing out, especially by friction; abrasion. 

AlitoCad: Computer based draughting tool developed by Autodesk. 

Basic Quantity: One ofthree dimensionally independent characteristic parameters. 

BP : years before present. 

Cementation: The process by whiCh clastic. sediments are converted into sedimentary rock by precipitation of a 
mineral cement between the sediment grains, forming an integral part of the rock. SiliCon is the most 
common cement, but calcite and other carbonates, as well as iron oxides, also undergo the process. It is 
not clear how and when the cement is deposited; a part seems to originate within the formation itself, and 
another part seems to be imported from outside by circulating waters (Farris Lapidus & Winstanley, 
1987). 

Characteristic Parameter: A physical parameter which together with similar parameters defmes the behaviour of 
a phenomenon. 

COED: Corps Editor. Computer text editor used for creating input files for HEC programs. 

Colluvial (Colluvium) : Sediment derived from slope erosion (Farris Lapidus & Winstanley, 1987). 

CRC : Canterbury Regional Council. 

Dendritic: In tree-like form (Farris Lapidus & Winstanley, 1987). 

DHI: Danish Hydraulics Institute. 

DNRE : Department of Natural Resources Engineering, Lincoln University. 

Dimensionless Variable: a variable whiCh has no physiCal dimension. 

DSI R : Department of Scientific & Industrial Research. 

Dynamic Similarity: when similarity between the model and prototype is achieved in length, time and mass. 

ECNZ: Electricity Corporation of New Zealand Ltd. 

EDM : Electronic Distance Meter. A surveying device used to measure distances from the theodolite to the 
location of the reflecting prism. 

Epoch: An interval of geologiCal time longer than an age and shorter than a period, during which the rocks of a 
partiCular series were formed (Farris Lapidus & Winstanley, 1987). 
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Eustatic : Pertaining to world wide changes in sea level, as distinct from local changes (Farris Lapidus & 
Winstanley, 1987). 

EXCEL: Spreadsheet package developed by Microsoft. 

Facies : An assemblage or association of mineral, rock or fossil features reflecting the environment and 
conditions of origin of the rock. It refers to the appearance and peculiarities that distinguish a rock unit 
from associated or adjacent units (Farris Lapidus & Winstanley, 1987). 

Flow Duration Curve: A plot of the percentage of time that a particular discharge is equalled or exceeded. 

Fluvial: Of or pertaining to rivers (Farris Lapidus & Winstanley, 1987). 

Geomorphology : The scientific discipline concerned with surface features of the Earth and the chemical, 
physical and biological factors that act on them (Farris Lapidus & Winstanley, 1987). 

GPS: Global Positioning System. A surveying technique using satellites. 

HEC: Hydraulic Engineering Centre, United States ArmyCorps of Engineers. 

HEC-RAS : Hydraulic Engineering Centre - River Analysis System. A computer program developed by the 
United States Army Corps of Engineers for the analysis of river hydraulics. 

HEC-6 : Hydraulic Engineering Centre computer program no. 6. A computer program developed by the United 
States Army Corps of Engineers for the analysis of sediment deposition in rivers and reservoirs. 

Holocene : The most· recent epoch of geological time; the upper division of the Quaternary Period (Farris 
Lapidus & Winstanley, 1987). 

Ice Age : A period of time, lasting 20-100 Ma, during which ice sheets occur somewhere on land. Between ice 
ages there are periods of some 150 Ma during which there are no ice sheets and few mountain glaciers. 
During an ice age, periods of glacial maxima, when the ice expands to temperate latitudes, alternate with 
warmer interglacial periods, when they retreat to higher altitudes. The Antarctic ice sheet and mountain 
glaciers have existed in high latitude during the last 15 Ma. However since the beginning of the 
Pleistocene approximately 2 Ma ago at least 4 glacial periods have occurred during which ice spread to 
the middle latitudes. The most recent glaciation in the northern hemisphere was at a maximum of about 
18000 years ago and the period from 10000 years onwards (the Holocene) is the present interglacial 
(Farris Lapidus & Winstanley, 1987). 

IGNS: Institute of Geological and Nuclear Sciences. 

Imbrication : A sedimentary structure in which gravel, pebbles, or grains are stacked with their flat surfaces 
dipping upstream. It is most obvious in gravels and conglomerates but is also present in sands (Farris 
Lapidus & Winstanley, 1987). 

Interglacial: The warmer interval between glacial periods in an ice age (Farris Lapidus & Winstanley, 1987). 

Interstadial: A warmer substage of a glacial stage, during which there is a temporary recession of the ice (Farris 
Lapidus & Winstanley, 1987). 

Lacustrine: relating to, inhabiting, or produced by lakes; (of a region) characterised by lakes (Farris Lapidus & 
Winstanley, 1987). 

LIST: A computer program developed by the United States Army Corps of Engineers for the viewing and 
printing of computer text files. 

MHiS : Mayfield-Hinds Irrigation Scheme. 

MiKE II : A computer program developed by Danish Hydraulics Institute (DHI) for the analysis of unsteady 
river hydraulics. 
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Model : Referring to the scaled-down version of the river reach constructed in the modelling flume, or to the 
computerised representation of the river reach. 

Moraine (Terminal Moraine) : A moraine is an accumulation of rock material that has been carried or deposited 
by a glacier. It ranges in size from boulders to sand, and shows no bedding or sorting. A terminal 
moraine is a ridge-like mass of glacial debris formed by the foremost glacial snout and dumped at the 
outermost edge ofa given ice advance (Farris Lapidus & Winstanley, 1987). 

Morphology: see Geomorphology. 

MWD: Ministry of Works and Development, a predecessor to WCS. 

NIWA : National Institute of Water and Atmospheric Research. 

Outwash : Gravel and sand deposited by meltwater streams on land. Outwash plains are produced by the 
merging of a series of outwash fans or aprons (Farris Lapidus & Winstanley, 1987). 

Periglacial: (of areas) having locations, conditions, processes, and topographical features that are adjacent to the 
borders of a glacier. A periglacial climate for instance is characterised by low temperatures, many 
fluctuations about freezing point and strong wind action, at least during certain times (Farris Lapidus & 
Winstanley, 1987). 

Pleistocene: The lower division ofthe Quaternary Period (Farris Lapidus & Winstanley, 1987). 

Point Bar: Taken in this document to mean that part of the river floodplain (both active and inactive) on the 
inside ofa meander arc. 

Proglacial : Immediately in front of or just outside the limits of a glacier or ice sheet (Farris Lapidus & 
Winstanley, 1987). 

Prototype : Referring to the actual physical reach of the river being modelled; not the scaled-down version, or 
computerised representation. 

PWD: Public Works Department, a predecessor to MWD and WCS. 

Quaternary : The most recent period of geological time; a division of the Cenozoic (Farris Lapidus & 
Winstanley, 1987). 

Return Period: The average interval in years within which the event can be expected to be equalled or exceeded. 

Revetment: Taken in this document to mean any form of impervious facing for the purposes of erosion control. 

RDR : Rangitata Diversion Race. 

RDRM: RDR Management Ltd. 

Sandur : Low angle sheet of outwash material beyond the terminal moraine of a glacier (Farris Lapidus & 
Winstanley, 1987). 

Scale Relation: The numerical ratio between the value of the quantity in the model to the value of that quantity 
in the prototype. 

SCCB : South Canterbury Catchment Board. 

SCCRWB: South Canterbury Catchment & Regional Water Board. 

SCRCC : Soil Conservation & River Control Council. 

Steady Flow: Flow which remains constant in time. 

Thalweg: The lowest point in the cross-section ofthe river channel. 
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TIDEDA : (Time Dependent Data Analysis). Computer program for storing and manipulating time dependent 
data, specifically hydrological data. The majority of recent New Zealand hydrological data is stored in 
this format. 

Till (or Boulder Clay) : Generally non-stratified material deposited directly by glacial ice. Till is very poorly 
sorted, with a wide range of grain sizes from clay to boulders. Clasts are usually angular because they 
have undergone little or no water transport. Till is of two types: basal till which was carried in the glacier 
base and usually laid down under it, and ablation till, which was carried within or on the glacier surface 
and melted out at the snout of the glacier. Here, meltwater causes flowage and slumping within the till. 
Basal till is commonly placed by lodgement (plastered on to the glacier bed), and may be referred to as 
lodgement till (Farris Lapidus & Winstanley, 1987). 

Turbulent Flow: Turbulence is the irregular motion on a small scale of fluid particles. Turbulence may exist in a 
fluid which appears to be flowing very smoothly (Massey, 1989). Rough turbulent (or equivalently fully 
developed turbulent) flow is the fluid state where the boundary roughness protrudes through the laminar 
sub-layer. When the rough turbulent flow state is reached the Shields entrainment function is no longer 
dependent on grain-size Reynolds number. This feature of fluid dynamics enables the construction of 
dynamically similar small-scale models. 

Uniform Flow: flow in which no significant contraction of expansion of the flow occurs. 

USACE: United States Anny Corps bfEngineers. 

VIS: Valetta Irrigation Scheme. 

WCS : Works Consultancy Services Ltd. 

WRC: Wellington Regional Council. 
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ALl. INTRODUCTION 

This appendix provides a list of notable floods in the Rangitata River between 1868 and 30 December 1995. 

Flood information taken from Cowie (1957) was limited to that referring specifically to the Rangitata River. 

While the Rangitata may have been in flood at the same time as other rivers mentioned in this reference 

(especially the Rakaia River) it was thought reasonable to assume that significant flooding in the Rangitata 

(ie. damage to bridges, flooding of roads and farmland, loss of stock & crops, etc.) would not have occurred if 

not specifically mentioned. 

Early flood data, especially pre-1936, is subject to significant uncertainty given the general nature of the 

description of flood magnitudes. Of particular importance are references to flood levels on the Arundel and 

railway bridges, both of which have been altered over the years (lengthened and lifted). Where information 

could be found, these levels have been related to the new bridge heights. Other factors worthy of 

consideration in the comparison of flood levels between events are the changes in relative discharge between 

braid channels (in the lower reaches of the river) and also the different stage-discharge relations of these 

individual channels. The difficulty of measuring flood heights and correlating these to flood discharges was 

recognised as early as the 1920 Rivers Commission report (Furkert et at., 1920). The aforementioned report 

stated the inability to measure flood heights on this river to within 0.15 m with any certainty. The effects of 

scour and sediment waves on flood heights were also recognised as complicating the problem (Furkert et at., 

1920). 

Floods described in Hydrology Annuals have been cited as (SCRCC, no. x, 19.w), where x is the specific 

annual number and 19.w is its respective year. 

Occasionally more than one discharge has been associated with a particular flood. This is generally due to 

changes made to rating curves at the various measurement sites. It is probably wise to consider later 

estimates of flood magnitude as being more accurate. However, it should be noted that considerable 

uncertainty still exists in estimating the actual magnitude of flood discharges given the need and uncertainty 

in artificially extending rating curves. The present day "official" annual maximum discharges since 1936 are 

quoted (occasionally with the official date) in square braces ie. [x,xxx m3s-1
] (Scarf & deJoux, 1980; CRC, 

1996). Where these values are quoted with a star (eg. [x,xxx' m3s-1
]) it indicates the value is less reliable 

(SCRCC, 1969; Waugh, 1983). 

A list of references have been provided at the end of this appendix (as well as in the bibliography) to aid 

possible future users of this information. 
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A1.2. FLOOD HISTORY 

1868 

This was the largest recorded flood (at least in this earlier period). The rainfall at Mount Peel is said 

to have been 8 inches (203 mm) in 24 hours (Cowie, 1957). 

May 1876 

Another large flood occurred which reached the top of the cylinders of the Arundel Bridge. However, 

the bridge was not at that time at its present length (Cowie, 1957). 

September 1878 

A serious flood washed out the protective works at one end of Arundel Bridge and also threatened the 

railway. The flood waters flowed into a channel on the south side of the railway and across Rangitata 

Station, finding their outlet to the sea between the Rangitata and Orari Rivers, partly through the 

Kapunatiki Creek. The flood peak was 2 feet 6 inches (0.76 m) below the cap of the railway bridge, or 

about 7 feet 10 inches (2.39 m) below rail level (4.43 m below existing rail level in mid stream (Scarf 

& deJoux, 1980», and about 2 feet (0.6 m) above the formation level of the Rangitata railway station 

(Cowie,1957). 

November 1886 

1899 

This flood did not affect the railway, but below the railway three distinct outbreaks discharged water 

from the south branch into the Kapunatiki Creek (Cowie, 1957). 

This flood destroyed one cylinder of the Arundel Bridge. The flood was 6 inches (0.15 m) below the 

March 1913 flood level at the railway bridge over the north branch (Cowie, 1957). 

March 1913 

The flood level was 3 feet (0.91 m) {2.95 m} below the rails at the middle of the railway bridge over 

the north branch, 12 feet 6 inches (3.81 m) {6.05 m} below the rails at the north end of the same 

bridge, and 10 feet (3.05 m) {4.90 m} below the rails at the south end. The railway bridge was 

seriously damaged when some of the piles were scoured out (Cowie, 1957). Values in {} relate to 

current rail levels (Scarf & deJoux, 1980). 

24 February 1925 

Heavy rain which fell in the back country caused the Rangitata River to rise appreciably (Cowie, 

1957). 

10 October 1936 

The Rangitata peaked at 45,000 cusecs (1,270 m3s- l
) at the irrigation intake (Cowie, 1957). 

[1,540 m\-I]. 
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9 January 1938 

Heavy rain in the back country resulted in a peak discharge in the Rangitata at the irrigation intake of 

35,000 cusecs (990 m3s· l
) (Cowie, 1957). 

14 April 1938 

Heavy rain over two days resulted in widespread flooding. The Rangitata River reached its highest 

level since 1913 to discharge 60,000 cusecs (1,700 m3s· l
) at the irrigation intake. Considerable 

damage was done to contractors' plant being used in constructing the new traffic and railway bridges 

(Cowie, 1957). [2,010 m3s· I
]. 

20-21 April 1938 

Heavy rain in South Canterbury caused rivers to rise again, but not to the proportions of the Easter 

floods. Some more damage was done to the new railway bridge under construction over the Rangitata 

River, and many roads were covered with flood waters and were impassable, but damage was 

generally ofa minor nature (Cowi~, 1957). 

29 February 1940 

Heavy rain in the Alps brought the major rivers of Canterbury into very high flood. The Rangitata 

. River had a peak discharge of 70,000 cusecs (1,980 m3s· l
) at the irrigation intake, but no serious 

damage was done to the irrigation project under construction (Cowie, 1957). [2,490 m3s· I
]. 

7-9 May 1940 

Heavy rain over a period of about four days brought most of the rivers of Canterbury into high flood. 

The Rangitata, Hinds, and Ashburton Rivers were in high flood, and considerable damage was done to 

bridge approaches and adjacent roads (Cowie, 1957). 

5 April 1942 

The Rangitata River was in high flood with a peak discharge at the irrigation intake of 61,000 cusecs 

(1,730 m3s· l
) (Cowie, 1957). 

23-24 October 1942 

With abnormally heavy rain and north-west winds melting the snow in the headwaters, the Canterbury 

rivers brought down large quantities of water. The Rangitata discharged 80,000 cusecs (2,270 m3s· l
) 

at the irrigation intake (Cowie, 1957). [22 October 1942; 2,490 m3s· l
]. 
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16 December 1943 [800 m)s-I]. 

January 1945 

Flood discharges of39,000 cusecs (1,100 m)s-l) and 52,000 cusecs (1,470 m\-I) (Anstey, 1960). [17 

January 1945; 1,880 m3s- l
]. 

5 December 1945 

Heavy snow fell in the high country and the mid-Canterbury rivers all carried a large quantity of water. 

The Rangitata River at the irrigation intake peaked at 45,000 cusecs (1,270 m3s-1
) (Cowie, 1957). 

15 September 1946 [1,150 m)s-l]. 

2.3-24 September 1946 

The Rangitata River at the irrigation intake peaked at 32,000 cusecs (910 m)s-l) (Cowie, 1957). 

December 1947 

Flood discharge of 58,000 cusecs (1,640 m)s-l) (Anstey, 1960). [26 December 1947; 2,360 m)s-l]. 

27 September 1948 

Following heavy rain in the upper catchment the Rangitata discharged 22,000 cusecs (620 mVl) at the 

irrigation intake (Cowie, 1957). 

2-3 November 1948 

Heavy rain in the high country caused a discharge in the Rangitata River at the irrigation intake of 

42,500 cusecs (1,190 m)s-l) (Cowie, 1957). [2 November 1948; 1,220 m)s-l]. 

February 1949 

Flood discharge of42,000 cusecs (1,190 m3s- l
) (Anstey, 1960). [12 February 1949; 1,860 m3s-1

]. 

11 January 1950 

The Rangitata River peaked at 48,000 cusecs (1,360 m3s-1
) at the irrigation intake (Cowie, 1957). 

25-26 May 1950 

A fairly severe flash flood caused a peak discharge at the irrigation intake of approximately 51,000 

cusecs (1,440 m3s- I). Overflows above Arundel caused serious damage to 40 acres of farm land and 

crops, some homes in the vicinity of the town were evacuated and about 2 miles of roads endangered 

(SCRCC, no. 5, 1957). Heavy rain in the Alps caused the Rangitata River at the irrigation intake to 

peak at 53,000 cusecs (1,500 m)s-l) (Cowie, 1957). [26 May 1950; 2,200 m3s-1
]. 
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24 July 1950 

Heavy rain in the Alps caused the Rangitata to peak at 17,500 cusecs (500 m3s- l
) at the irrigation 

intake (Cowie, 1957). 

17-18 April 1951 

Following heavy falls of rain in both north and south Canterbury, rivers rose in very high flood and 

extensive and serious damage resulted. 7.66 inches (195 mm) of rain fell at Erewhon over 16-19 

April. A peak discharge of 44,000 cusecs (1,250 m3s- l
) occurred in the Rangitata River. The main 

south road was effectively blocked by flood waters at most bridge approaches, and large areas of land 

were inundated. Serious damage also occurred to the Highbank power station when the diversion race 

was breached (Cowie, 1957). 

29 November 1951 

Heavy rain in the Alps resulted in a peak discharge in the Rangitata River at the irrigation intake of 

50,000 cusecs (1,420 m3s- l
) (Cowie, 1957). [J, 100 m3s- I

]. 

January 1952 

Flood discharge of47,000 cusecs (1,330 m3s- l
) (Anstey, 1960). 

December 1953 

Flood discharge of29,000 cusecs (820 m3s- l
) (Anstey, 1960). [27 December 1953; 1,030 m3s- I

]. 

January 1954 

Flood discharge of27,000 cusecs (770 m3s- l
) (Anstey, 1960). 

February 1955 

Flood discharge of41,000 cusecs (1,160 m3s- l
) (Anstey, 1960). [2 February 1955; 1,580 m3s- l

]. 

30 January 1956 

Discharge at RDR intake 46,000 cusecs (1,300 m3s- l
) (SCRCC, no. 4, 1956). 

November 1956 

Flood discharge of 16,200 cusecs (460 m3s- l
) (Anstey, 1960). 
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November 1957 

Flood discharge of35,000 cusecs (990 m3s-1
) (Anstey, 1960)_ 

22 December 1957 

Discharge at RDR intake 37,500 cusecs (1,060 m3s-1
) (SCRCC, no_ 5, 1957). 

27 December 1957 

High intensity rain in the Southern Alps caused major flooding in the Rangitata. Rainfall recorded 

included 9 inches (229 mm) in 5 hours at Erewhon and daily falls of up to 20 inches (508 mm) north 

and south of the catchment (SCRCC, no. 5, 1957). 

It is possible that on 26 December the greater part of the high country catchment of the Rangitata 

River was covered by rainfall varying from 9 inches (229 mm) to 20 inches (508 mm) for one day and 

perhaps for as short a time as 6 to 9 hours. Considerable slipping of hill sides in the Lawrence 

catchment was reported; an indication of unusually heavy rainfall intensity (Lucy, (958). 

The peak discharge at the Rangitata diversion intake (gauge 17.70 feet (5.40 m» was 84,000 cusecs 

(2,380 m3s- 1
) .. At the Arundel bridge the peak discharge was of the order of 85,000 cusecs (2,410 

m3s-1
). This was the biggest flood since 1868 and approximately a third of the flood passed down the 

south branch. The river remained in a more or less constant state of fresh or flood during the ensuing 

3 months (SCRCC, no.5, (957). 

A serious overflow at Palmer's about 1.5 miles above the railway caused severe flooding of adjacent 

areas including the railway and state highway. Overflows at many points below the railway combined 

with that from Palmer's invaded Kapunatiki Creek inundating adjoining areas before reaching the sea. 

A small overflow from Kapunatiki crossed the Native Reserve and through drains, etc. into the Orari' 

lagoon. Low lying areas between the south and middle branches were badly flooded. The situation on 

the north branch was not so serious, except at Scott's where the river overflowed through an old flood 

channel and also into a grain crop. Above Lynn Creek some areas at Ackland's were inundated for the 

first time (SCRCC, no. 5, 1957). 

The railway was closed for the greater part of a day and traffic on the state highway disrupted. Flood 

damage and losses were considerable namely: damage to river works including that done by 

subsequent freshes and floods before repairs could be completed £13,520; damage to county roads, 

bridges and water races (approx.) £250; stock and land losses and damage to pastures and crops 

(approx.) £9,400; total cost £23,170 (SCRCC, no. 5, 1957). [25 December 1957; 3,455 m3s-1
]. 

22 January, 22 February 1958. 

The prolonged period of unseasonable wet weather in the upper catchment which caused record 

flooding in the Rangitata River on 25 December 1957 continued well into March to give rise to a 

further series offreshes and floods in this river. The most notable of these were on 22 January and 22 



AI-7 

February when peaks of 11.0 feet (3.35 m) and 12.6 feet (3.84 m) with discharges of 35,300 cusecs 

(1,000 m3s· l
) and 46,000 cusecs (1,300 m3s· l

) respectively were recorded at the irrigation intake. 

Flooding followed the same pattern as the major December 1957 flood. Overflows from the south 

branch escaped into Kapunatiki Creek and low-lying areas between the south and middle branches 

were heavily inundated. December flood restoration work in progress or just completed as well as old 

established protection works suffered considerable damage (SCRCC, no. 6, 1958). [25 January 1958; 

1,300' m3s· l
]. 

14 May 1964 

Rangitata River highest for over 2 years. River flats above gorge flooded (Connell, 1991). 

[840' m3s· I]. 

31 January 1965 

Rangitata flood discharge 650 m3s· l
• No flooding recorded (Connell, 1991). Stage 10.4 feet (3. 17m), 

discharge 30,000 cusecs (850 m3s· l
) (SCRCC, no. 13, 1965). [850' m3s· I]. 

II March 1967 

This was reported to be the annual flood for 1967. Stage I l.l 0 feet (3.383 m), discharge 35,000 

cusecs (990 m3s· l
) (SCRCC, no. 15, 1967). 

I I March 1968 

Annual flood for 1968. Stage 5.517 m, discharge 708 m3s·1 (SCRCC, no. 16, 1968). [9 March 1968; 

640 m\·I]. 

25 December 1969 

Annual flood for 1969. Stage 7.925 m, discharge 1,220 m\·1 (SCRCC, no. 17,1969). [1,320 m3s· l
]. 
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31 August 1970 [1,600 m\-I]. 

3 November 1973 [1,210 m3s- l]. 

5 January 1977 [300 m\-I]. 

27 March 1978 

Rangitata flood discharge 665 m3s~l. Approximate annual flood. At the mouth of the Rangitata some 

cribs on the south side were flooded (Connell, 1991). 

2-3 December 1979 

This was the largest flood recorded in the river this century and occurred as a result of very heavy 

rainfall in the head of the catchment (Erewhon 128 mm in 24 hours), producing a peak flood flow of 

approximately 3,000 m3s- 1 (SCCS, 1980). 

537 mm of rainfall fell in 24 hours at the Hermitage, Mt Cook. This rainfall intensity has a return 

period in excess of 100 years (Scarf & deJoux, 1980). 

A 60 m length of the approach to Arundel bridge was washed away and Rangitata Island farmland 

flooded. The river rose to 10-15 feet (3.0-4.6 m) below the deck of the Arundel bridge (Connell, 

1991), 6.6 m on the bridge staff gauge and 0.8 m below the bridge soffit (Scarf & deJoux, 1980). On 

the north bank of the SH 1 road bridge the flood level reached to 2.13 m below the bridge soffit, and at 

the northern approach to the NZ Railways bridge the flood level was 6.7 m below the top of the 

railway lines (Scarf & deJoux, 1980). 

At the RDR Intake the flood waters just lapped over the RDR embankment (Spicer, pers. comm.) 
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The peak of this flood is missing from the TIDEDA flow record due to an apparent stage recorder 

malfunction. The flood peak quoted here has been adopted from Scarf & deJoux (1980) (±20%). [3 

December 1979; 3,440 m3s· l
]. 

25 December 1979 

A second flood of about 2,000 m3s·1 peak flow occurred due to a similar main divide storm, but of 

lesser intensity than the 2-3 December event (Erewhon 91 nun in 24 hours) (SCCB, 1980). 

The maximum flood level recorded at the new recorder site was 7.53 m; 1.6 I m less than the flood 

occurring earlier in the month and similar to that which occurred in May 1978. The flood level at 

Arundel bridge was 5.77 m on the bridge staff gauge, 1.27 m lower than the 3 December flood and 2 

m below the bridge soffit. Flood waters flowed down the South Branch at the height of the flood 

(Scarf & deJoux, 1980). 

27 January 1980 

A third flood occurred due to north-west rain in the headwaters (Mesopotamia 30 mm in 24 hours), 

producing a peak flood flow of approximately 1,000 m3s·1 (SCCB, 1980). 

The three consecutive floods above resulted in urgent work being required on the SH I and railway 

bridges where the northern most abutments were being undermined. Bank erosion and damage to 

protective works had occurred right along the river requiring substantial remedial work. Intake 

structures at Cracroft and Klondyke had also suffered heavy damage and the bank in their vicinity was 

eroding quickly. Severe bank erosion with the disappearance of old, heavy protection measures had 

also occurred on several frontages including Ackland. The river control works at Rata peaks and 

Mesopotamia had suffered moderate damage with breaching and removal of protective rip-rap (SCCB, 

1980). [970 m3s· I
]. 

3 June 1981 [763 m3s· l
]. 

27 January 1982 

Rangitata flood discharge 1,250 m3s· l
. Highest flood since 1979/1980. Minimal stock losses. South 

branch filled down to old main south road (Connell, 199 I). [1,093 m3s· l
]. 

19 November 1982 

Rangitata flood discharge 1,000 m3s· l
. River nearly had a serious break-out at Arundel Bridge. No 

other damage (Connell, 1991). 

22 October 1983 [1,206 m\·I]. 

21 December 1984 [1,243 m3s· l
]. 



AI-I0 

22 December 1985 [726 m3s· l
]. 

13 March 1986 [386 m3s· I
]. 

4 February 1987 [885 m3s· I
]. 

19 May 1988 [631 m3s· l
]. 

28 December 1989 [1,539 m3s· l
]. 

17 January 1990 [821 m3s· l
]. 

15 February 1991 [620 m3s· l
]. 

14 November 1992 [464 m3s· I
]. 

19 January 1993 [689 m3s· l
]. 

9 January 1994 

A large flood occurred which was similar in size to the 1979 event (Seyb; Spicer, pers. comm.). At its 

peak the flood was approximately 0.1 m below the concrete catwalk of the RDR intake pier structure 

(Seyb, pers. comm.). 

This flood caused a break-out into the South and Middle branches of the Rangitata River, with 

subsequent flooding of farmland. The effects of the break-outs however were not as bad as caused by 

the 13 December 1995 flood (Connell,pers. comm.). [2,964 m3s· l
]. 

13 December 1995 

Heavy rain in the upper catchment (216 mm over 24 hrs at Arthur's Pass) resulted in high flows in the 

majority of South Island rivers. The Rangitata River peaked at approximately 2,190 m3s·1 at 10 PM on 

13 December. Considerable flooding occurred when the river broke out of the true right bank above 

the protection works near Arundel. Flooding occurred at Arundel and water flowing over the railway 

and SH I south of the river caused the temporary closure of these transport links (Young, pers. comm.). 

[2,168 m3s· I
]. 

29-30 December 1995 

A further fresh of approximately 1,000 m3s· 1 caused further damage to SH I and the main south trunk 

railway. The railway embankment was completely washed out, resulting in closure of the railway for 

several days before it could be repaired. 
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A2.1. INTRODUCTION 

This appendix provides an overview of the theory for design of dynamically similar, mobile bed, physical 

hydraulic models. The method used is based on that of Yalin (1971). 

A dynamically similar model is one in which the go~eming dimensionless variables (eg. Froude number and 

Shield's mobility factor) have the same value in the model as in the prototype. 

The general case for model design is derived here from initial consideration of two simpler cases: a) the case 

for non-uniform flow in a non-prismatic channel with a rigid bed; and b) the case with steady uniform flow 

and sediment transport (Yalin, 1971). The resulting scale relations and the conditions under which they are 

valid are listed in section A2.gl. 

Descriptions of all symbols can be found at the beginning of this dissertation. 

A2.2. NON-UNIFORM FLOW IN A NON-PRISMATIC CHANNEL (RIGID BED) 

For non-uniform flow in a non-prismatic channel the seven characteristic parameters which define the 

phenomenon are: 

ft ,p,R,k, ,v,S,g 

From dimensional analysis the corresponding four dimensionless variables are: 

Reynolds number X 
_ pRv 

1-

ft 

X 
_ k, 

2 -
R 

Relative Roughness 

Bed slope X3 = S 

v 2 

Froude number X 4 = -
gR 

For fully developed turbulent flow, ie: 

(Grain - size Reynolds number) ::::; 70 ~ R;: ~ R;. 

(A2-l) 

(A2-2) 

(A2-3) 

II is a constant2
. Thus under these conditions m can be excluded from consideration (ie. J1 is no longer a 

characteristic parameter). Therefore Reynolds number (X,) is no longer required as a dimensionless variable. 

Using the remaining three dimensionless variables, and setting the scales of fluid density and gravity to unity, 

I The scale of a quantity is the ratio of the model value to the prototype value of that quantity. 

2 The use of a lower limit on grain-size Reynolds number to ensure fully developed turbulent flow is equivalent to the 

use ofa corresponding limit on Reynolds number. 



A2-2 

results in the following scale relations: 

Ak = A, 

A f~ = A .\' = A p = A g = 1 

A •. = P:; 
} (A2-4) 

To ensure that fully developed turbulent flow occurs in the model (so that the scale relations hold) it follows 

from (A2-3) and (A2-4) that it is necessary for: 

(R"] 2/3 
A > ~ 
,- R' 

11* . 

where R:: ~:::; 70 (A2-5) 

Thus, there is a lower limit on the size of a physical hydraulic model which is governed by the requirement to 

achieve fully developed turbulent flow in the model. 

A2.3. STEADY UNIFORM FLOW WITH SEDIMENT TRANSPORT 

For steady and imiform flow with sediment transport the seven characteristic parameters are: 

jJ,p,P., ,d ,S ,D,g 

Substituting Sand g for v. and r, from: 

v. = .jgSD 

gives the new set of seven characteristic parameters: 

(A2-6) 

(A2-7) 

jJ,p,p" ,y,. ,d ,D,v. (A2-8) 

The above analysis assumes that the initial concentration of sediment is zero (co = 0). If the initial 

concentration (ie. the amount of sediment flowing into the river reach) is not zero then Co '* 0 is an additional 

characteristic parameter to consider. 

Selecting p, v. and d as basic quantities leads to the following four dimensionless variables: 

Grain - size Reynolds number X 
_ pRv. 

5 -
jJ 

2 

X 
_ pv. 

Shields mobility function 6 -

ysd 

D 
Relative depth X 7 = -

d 

Relative density X - Ps 
8 -

P 

(A2-9) 



A2-3 

For sufficiently large grain-size Reynolds numbers (R '~. ~'" 70 ) J.1 is a constant. Thus, under these conditions 

J.1 can be excluded from consideration (ie. J.1 is no longer a characteristic parameter). Therefore, grain-size 

Reynolds number (Xs) is no longer required as a dimensionless variable. Using the remaining three 

dimensionless variables the following scale relations result: 

Ak , = Ad = A, 

A", =.p:;; 
AI> = Ad 

AMr = 1 

(A2-1O) 

Thus, the model and prototype are geometrically similar, including the bed material. Also, the density of the 

model and prototype grains are identical, ie. made of the same material. 

A2.4. COMBINING UNIFORM AND NON-UNIFORM CASES 

Combining the above uniform and non-uniform cases (ie. a dynamically similar model under fully developed 

turbulent flow with sediment transport) results in the following scale relations: 

Ak , = Ad = A, 

A" = A", = JX: 
A,.; = AM f = ,1,,\' = A p = A p" = A g = I } (A2-11) 

The above combination of scale relations is valid because contemporary analysis rests on the assumption that 

a non-steady and non-uniform phenomenon can be subdivided (with respect to distance and time) into small, 

segments in which the flow can be treated as steady and uniform. 

A2.5. HYDRAULIC TIME SCALE 

The hydraulic time scale for a dynamically similar undistorted physical hydraulic model is derived from the 

corresponding velocity and length scales as follows: 

x 
t=-

v 
(A2-12) 
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A2.6. SEDIMENTATION (SCOUR) SCALES 

The sedimentation (scour) time scale for undistorted physical hydraulic models is derived from the sediment 

continuity equation and a generalised form of sediment transport formulae (Croad, 1994). 

The sediment continuity equation: 

leads to, 

ot = oyox 
., oi

h 

::::::>,1, = ,1,/ 
t, A-

'0 

The general form of sediment transport equations is: 

Where q is the so-called "ripple factor" defined uniquely for each formula. 

This leads to the definition of the scale of specific (per unit width) mass transport rate: 

,1,'0 = ~A/ Ay , 

::::::> A. = 3 r;: since A = 1 & A = A 'h V /I, 1 y., d I 

Combining (A2-14) and (A2-16) leads to definition of the sedimentation (scour) time scale: 

,1,2 
A =_1 = ~=A 

t, v;:; V /I, I I 

A2.7. VOLUMETRIC FLOW RATE SCALE 

(A2-I3) 

(A2-I4) 

(A2-IS) 

(A2-I6) 

(A2-I7) 

The scale of volumetric flow rate in undistorted physical hydraulic models is derived from the corresponding 

length and velocity scales as follows: 

Q= Av 

::::::> Au = AAA,. = ,1,/ P:; =VX; 
(A2-IS) 
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A2.8. SUMMARY 

Combining the above results leads to the following scale relations: 

AI-" =AM =A~=A =A =A =1 
r I . P p... g (A2-19) 

A = A = A ~ (R:~)2/3 where R.:~ ~:::; 70 
I k, J R' . 

e' 

(A2-20) 

A,. = A,., =A, = A,s =F, (A2-21) 

(A2-22) 

(A2-23) 

A model designed using the above scale relations is termed a Froude scale model, as it is based on achieving 

Froude number equality between model and prototype. General conditions which must be met for the scale 

relations to hold are: 

I) Conservation of geometric similarity between model and prototype. 

2) Achievement of fully developed turbulent flow in the model (A2-20). 
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Rangitata River Discharge & Gauging Data from Hydrology Annuals 1953-1969 
Water Hyd 

Max Mean 
Max, ~DaleOf Dickens Recording Hydrology 

Number Name Site Map Ref Dale Gaug.e Height 
Welled Welled 

Surf Mean Surface Discharge Measurement Method Stage Discharge Catchment 
Comment 

("SA Peri 
DeDIl1 

Depth Veloc. 
Veloe. 

Bed Mal. Estab. Rating Status Are. Coeff. Authority Annual 
Widll1 

[ft) [m) [ft) [ft) [ft) [ft) [ft) [llisee) [II/see) [eusees) rr;"'/s11 il-;]' mm I [miles'l I [km') I 

693(UlO Ran~tal. Diversion Race Intake S91:764285 23 .. 08,)..1 2.78 0.8-17 783.00 175 3.1 2.430 69 CUrrent Meier 19V at .1.8 577 1494 no. 4. 1956 

693000 Rangitala Diversion Race Intake S91:764285 2110134 5.50 1.676 1568.00 185 5.78 9.050 256 Current Meter lSV at S. 577 1494 no. 4, 1956 

693000 Ran';,aI. Diversion Race Imake S91:764285 3/10/34 4.62 1..108 1318.00 180 4.92 6.482 184 Current MeLer 18V at S. 577 1494 no. 4. 1956 

693000 R1II1JtiLala Diversion Race Intake S91:764285 3/10,3-1 H7 1.362 1255.00 180 4.74 5.924 168 Current Meter 18V at .6 577 1494 no. 4, 1956 

6930UO R'Dlo'aI, Diversion Race Intake S91:764285 4.'HII).,I 4.08 1.244 103::.00 170 -1.26 4.390 124 Current Meter ISV 31 .6 577 1494 no. 4. 1956 

693000 Ranatitala Gorr.e S91:753286 AR 1935 Part 577 1494 SI no. 8. 1960 

69)t100 Rangitala Diversion Race Intake S9l;76-'285 ~OI/)5 3.74 1.140 1070.00 181 4.0S 4.359 123 Current Meter 16V at.6 577 ]494 no. 4. 1956 

693000 Ran';lal, Diversion Race intake S91:76-1285 29/01/35 4.66 1.420 1276.00 197 4.61 5.874 166 Current Meter 1-4V aJ. S .. 6 577 1494 no. 4. 1956 

693000 Ran';lal, Di .... ersion Race Intake S91:76-12S5 21102/35 5.18 1.579 15553.00 204 5.31 8.246 234 Current Meter 14V 31 .6 577 1494 no. 4. 1956 

6930110 Ran);il'" Diversion Race Intake S91:76-'285 19103135 5.20 1.585 1491.00 21~ 5041 8.068 228 Current Meter 18V at S .. 6 577 1494 no. 4. 1956 

693000 Ran';lal. Di .... ersion Race Intake S91:764285 22/03/35 .l28 1.000 957.00 180 3.34 3.208 91 Current Meter 11 V aI ,6 577 1494 no. 4. 1956 

693UOO Ran,;tal, Diversion Race Intake S91:i64285 10/04135 2.75 n.S38 874.50 178 2.8 2.M8 69 Current Meter IIV 31.6 577 1494 no. 4. 1956 

6931100 Raneit31a Diversion Race Intake S91:764285 3011)4/35 2.33 U.7JO 869.50 175 2.38 2.071 59 Current Meter 15V at .6 577 1494 no, 4. 1956 

6930110 Raugitala Diven.;on Race Intake 591:76-1285 2-1/0S/36 3,04 0.927 931.00 175 3.06 2.850 81 Current Meter 16V at .6 577 1494 no. 4. 1956 

693000 Ran';tal. Di .... ersion Race Inlake S91:764285 12/07/39 2.10 0.640 160 1.660 47 Current Meter 11V 31 .6 577 1494 no. 4,1956 

693000 Ralleilala Diversion Race Intake 591:764285 28J07/39 1.85 0.564 132 1.317 37 CUrrent Meter 13V 31: .6 577 1494 no. 4. 1956 

5931100 Rangi!aI. Recorder Irrie.alion Intake S91:764285 Oct-12 80.000 2.265 AR 577 1494 no. 3. 1955 

693000 Ran';lal, Divemon Race Intake 591:764285 29/03/44 2.35 0.716 85970 155 2.19 2.544 72 CUrrent Meter 7V at 5. 577 1494 no.4 1956 

693000 Ran,;tala Di .... ersion Race Intake S91:764285 30103144 2.25 0.686 869.90 155 2.31 2.555 72 Current Meter 7V at 5. 577 1494 no. 4. 1956 

693000 Ranicitata Diversion Race Intake S91:76-1285 5/05/44 2.15 0.655 975.15 170 2.2 2.658 75 CUrrent Meter 7V at. S. 577 1494 no. 4. 1956 

693000 Rangital. Diversion Race Intake S91:764285 26105144 1.50 0.457 801.20 140 2.24 2.035 58 Current Meter ISV at 5. 577 1494 no. 4. 1956 

693000 Ran,;tala Diversion Race Intake S91:764285 13106/44 1.30 0.396 676.00 130 2.26 1.629 46 Current Meter 14V at S, 577 1494 no. 4. 1956 

693000 Ran';tal, Diversion Race Intake S91:764285 6103145 3.75 1.143 1280.00 180 2.5 3.190 90 Current Meter ISV at S. 577 1494 no. 4, 1956 

693000 Ran';tal. Divemon Race Intake S91:764285 12106/45 0.90 0.274 652.70 130 2.17 1.550 44 Current Meter 14V at 5. 577 1494 no. 4. 1956 

693000 Rangi!al' Diversion Race Intake S91:764285 5/07/45 0.40 0.122 600.45 130 2.13 1,350 38 CUrrent Meter 14Vat S. 577 1494 no. 4. 1956 

693000 Ran';'''' Diversion Race intake 591:764285 27/02/46 2.20 0.671 280.80 168 3.18 3.120 88 Current Meter 17V at. .6 577 1494 no. 4, 1956 

693000 Ran';'''' Diversion Race Intake S91:764285 4/04/46 1.00 0.305 744.90 130 3.13 2,344 66 Current Meter 13V at .6 577 1494 no. 4. 1956 

693000 Ran';'aI. Diversion Race Intake S91:764285 27/06/46 0.40 0.122 654.20 130 2.3 1,531 43 CUrrent Meter 13V at .6 577 1494 no. 4. 1956 

693000 Ran~. Diversion Race Intake S91:764285 16/08148 2.2 1,306 37 Current Meter 577 1494 no. 4. 1956 

693000 Rangital, 300 yards below RDR Intake S91:76-1285 15109148 0.40 0.122 180.50 100 1.3 235 7 Gurlev Meler 9V aI .6 577 1494 no. 4. 1956 

693000 Ran,;tala Diversion Race Intake S91:764285 16/09/48 0.40 0.122 587.00 125 2.2 1,306 37 Gurlev Meter l3V at .6 577 1494 no. 5. 1957 Minimwn flow recorded 
693000 Ran';tala Cableway above Intake S91:764285 2103/50 841.00 2.78 2.342 66 0."';". 577 1494 no. 2, April 1955 

693000 Rangitala Cableway above Intake S91:764285 2103/50 2.05 0.625 862.00 186.5 182 4.62 7 277 4.38 2,367 67 
o.ugirIg with Walls Cable 

6 152 577 1494 no. 1. May 1953 
15V aI .2.6:8 

693000 Ran,;tala 26/05150 51.000 no. 5. 1957 Approx. 

693000 R,,,';tal. Irrigation intake S91:76-1285 3/02155 10.95 3.338 35.000 991 aau.ffi-;- 577 1494 no. 3. 1955 

693000 Ran';tal, lrri .... on Intake S91:76-1285 30/01/56 46.000 1.103 577 1494 no. 4. 1956 

693000 Rangi'''' Recorder Irriution Intake S91:76-1285 22112157 37.500 1.062 AR 577 1494 no. 5, 19S7 

693000 Ramrital, Recorder Irrigation Intake S91:764285 27/12157 17.70 5.395 84.000 2.379 AR 577 1494 no. 5. 1957 

693000 Ranvt31a Recorder Irritation Intake S91:76-1285 22/01158 11.00 3.353 35.300 1.000 AR 577 1494 299 no. 6. 1958 

693000 Rangi'aI, Recorder Irri2.alion Intake S91:764285 22/02158 12.60 3.840 46.000 1.303 AR 577 1494 389 no.6 1958 

693000 Ran';tala Recorder IITiJtaUon Intake S91:76-1285 31/111165 10.40 3.170 30.000 850 AR 577 1494 257 SC no. 11.1965 

693000 Ramcitala Go .... e S91:753286 11103167 11.10 3.383 35.000 991 R 577 1494 SC no. 15.1967 Annual Hood for 1967 

693000 Rangitala Go~e S91:753286 11103168 5.517 708 AR 577 1494 SC no. 16.1968 
Max. flood recorded and 

annual flood for 1965 
693000 Ran,;'aI, Gor~e 591;753286 25/12169 7.925 1.220 R 1490 SC no. 17. 1969 

NOTES: AR - Assumed Rating curve 
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Rangitata River Sediment Size Distributions 
I I COmbUled dlStnbution of sieve analySIS of 1 Theo-retical sediment SIZe I 

Sieve analysu: of matenal I \V olman sampled surface material along true left bank of Intake Bend Sie\"e analyris of material deposited I Sie\'e analysIs of material deposited m race I material depoSIted immediately upstream of: distribution for Intake Bend Sieve analySIS of matenal supplied by 
depoSited at RDR Intake (WS 62."i) (Leopold AdJusted) i immediately upstream orROR Intake weir I immediately below RDR radial gate I RDR Intake weir & Wolman sampled sUiface I physical h) draulic model at Fulton H~ Ltd for the Intake Bend 

(Sloker.1988) 'I I material along Intake Bend 1:150 scale phySlC'.u hydraulic model 

Sle\'e I I Equh-alent i Leopold Sie\"e: Mass , I : Sieve Mass II I I Su!ye 1 I I SiC\,ej 1 Sieve I Mass-
S· : Percentage i PerceJltage Sieye Size Mid Class Percentage' Percentage i Size : Retained: .Percentag~ : Percentage I Size Retained Percentage Percentage I SIZe I EqUlv MasS] percenta[ge] percen[tag]e SIZe Percentage I Percentage Size II Retained II Percentage Percentage 
[n:] in Class [0.] , Finer[~;] [mm) 'Size[mm] Count:Adjustment in Class [.,], Finer["), [mm] I [g] :ulClass["]: Fmer["] [mm] [g) ImClass["]! Fmer["] ,[mm]I Retuned[g ImClass "1 Fmer·. I[mm] mClass [ •• ] , Fmer["] j[mm] (g] mClass["] FUler["] 

37.5 I 98':'0 20ol8.0 :;:.135.5 0.0':"0 lOO.O'!'o I 6.1.0 0.0 0.0% 100.0~0 64.0 00 I 00° 0 1000°0 204S OJ 00 : 00°0 I 1000°0 _j 13.7 0 DOli 100 0°0 j 160 00 1 00°0 100 000 

19.0! 0.120 86~0 1.1.18.2 1722.2 5166 3.5°'0 96.5% .15.3 155.7 1.9% 98.1~0 ol5.3 3546 1 3.2°1l ~6.8°0 :1.t-l.8~j_ 99rr.l~ I i4°~ 966°0 ~.6 .. 5.,. 3ol°1l 966°0 _ 1_2 . .5. _56.0._ '.j_ I lOll -- 98.900 
9.50 0.240 62°~ 102.1.0 1217.7 14 17048 11.6~:a 84.9°';' 31.5 60.7 0.7°'0 97.3~1I i 31.5 217.2 I 2.0% 94.8% p024.~ .. 32726.~ ___ 11.3% 85.2% J6.83_ 11.3~·iJ 85.2%· 8.~ ?~?~. _. 15.1%--'l83.8% 
4.:5 0.240 38°0 72·U 861.1 29 2.1971 17.0°0. i 67.9%· 22.4 87':.3 10.8~o 86.6% r 22.4 707.0 _ 6.40.0 ~884°'O j 724.11 47936.7 i6.6-~~ 68.6!o ~ ~.83 16.6!·0 68.6?-o 1 5.!, ~17.? ___ .i.i~,~- 79.6% 
2.36 0.110 27~'0 5120 608.9 .1.1 26790 18.2~0 49.7~·0 16.0 798.5 i, 9.8~1I 76.8~'o 116.0 810.5! 7--',:,,0. 810°0 1512 0151.t2S 6 _ 17.80:'0 50.~:i --I ~.41 17.8!0 50.8% I ~.o I 984.8) 19.1% ,_ 60.5':'0 
1.184 I 0.070 20~0 362.0 ·nO.5 56 24110 16A':'0 33.3% 12.5 636.1 7.8°0 68.9':'0 12.5 778.1 -I 7.1°0 739°1l ~ 3620 462838 16.1~~- -- 34.7':"0 I ~A1 16.1~·o 34.7':"0- 2.8 1385.9-1-- 26.8':'·~· 33.7':"0 

0.0.10 - O~'o 128.0 152.2 65 9894 6.7CJo r 7.7% 7.5':"0 . 38.9':"0 4.0 7.9':"0 6.6%1 9.7% ·-6.6~~ - 1.3% i2.2~~~ 
90.5 107.6 42 4521 3.1% J 4.7% 5.7%- 33,2% 2.8 5.8% --- 6.7~; - "'··3.0~:o 1.0~·O 11.1~·~-
64.0 76.1 39 r- - 2.0""(' 1 2.6~·~ 29..t~·~ 3.I~o 2.0% 4.7% OA27 2.0% 1.4% -9.8%--
45.3 53.8 i 30 - i.i~"O ~ 1.50:·~ 26.6% 2.1% - --il% ---3.7% i6~~ 7j~~" 
32.0 . 381 r 36 [' - '0-.9~,o· I 0.6% 24.8% 1.1% 0.9% 2.7% 150.8 2.9% 4.3% 
22.6 26.9"] 1'7 0.3% ]- 0.3% 22.8% 0.9% ---oj~:~-- --2.-4~;--- ___________ .. 176.8 3.~~~ O.8~~---
16.0'· 19.0 I Ii· j 323·- r O.2~·; r-· 0.1,:,·-0 19.6'% iO.500 150."Y - 1.4% --·-i~.2%- 16.0· ---"98.5 _.- 0.3% --i2~'~ - -10'075 29.0 0.6% 0.3% 

II) ~~;~: 5~6 j= I08_=[m 0.1'; looi;. ~:~~~,i~~:~ l· ~~;t ]1 ·166~~:' _1~:~5~11~~i~ .. i~73~' -=~.~i~j ~2~~--1~·~ttl£-~~---~~~ - - ::::~ -- O~:5 12\7 _~~~~-~._O.O% 

1 t: lj ~~:r-~fJ:;1 r;: PE \~,; m::;; n l~:f:~ -:~ u_ ··.-1T .. ~)5~62 91~ ~ ~~~~ 
ReqwredsamPlesUe~,.s.donMOSI~Y &Tmdale~I~85) 5.-:;rnr';~:::t ~:~~~ -j - -- t __j:~ow I~~:t t-~ - ~ ~ -_-~-___ ~_ t : r ~ mr~I~-~!r ~:~:L__- --_ ~_~~= ~- ~-- ~-

I I f-- -: r __ -_ --t- _-- .. j- - la7!O 160.3 t 0.1% 06% ---,- -+-- -- f- -- Jl __ j ____ +-_ . r -~- ~ -

+1: _-_l_-_--=-~_-~ _ _tt-------~- ~-~011~-~~I~~;= ~~L-~J_:_ ;~-I;~-~r 1 ~:~;~ -~36~-- --g~~- J~;:_-- -,-- -=t .[ --- -- - -j- I Pan - 126- -0,0% -,., -----
I 1-- }--- - ----, ---.--- ----·1 1- -1 lTotal- 2883524 ,- - - - -r- ------, --.----

I 
T 

, .... 



100% 

90% 

80% 

70% 

;F 60% 
~ .... 
" . S 
tz. 

" 50% OJ) 

~ 
" ~ 
" p.. 

40% 

30% 

20% 

10% 

0% 

0.01 

Rangitata River Sediment Size Distributions 

---l(- Sieve analysis of material deposited in race immediately below RDR radial gate --l!c- Sieve analysis of material deposited at RDR Intake ryvS 6/25) (Stoker, 1988) 

~ Sieve analysis of material deposited immediately upstream of RDR Intake weir 

-e-- Constructed combined sample at Intake Bend 

-e-Wobnan sampled surface material along true lell bank of Intake Bend (Leopold Adjusted) 

~ Theoretical sediment size distribution for Intake Bend physical hydraulic model at I: 150 scale 

-+- Sieve analysis of material supplied by Fulton Hogan Ltd for the Intake Bend physical hydraulic model 
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Sediment Discharge Rating Curve for Rangitata River at Klondyke 
(J.R. Waugh 51l0/84) 

--Sediment Volume (V) [m3/day] -- Sediment Discharge (M) It/day] A Suspended Sediment Gauging Data It/day] 

500,000,-----------~------------~----------~----------~----------~~----------c_----------~----------~------------~----------~ 

450,000 

400,000 

350,000 

300,000 

250,000 

200,000 ......... . 

150,000 

100,000 

: : 

V = 538xlO-9 Q4532 (0 < Q < 140 m3/s) 

V = 12.5xlO-3 Q2496 (Q> 140 m3/s) 

M=1.3V 

I , ........ .... L 
J. 

Sediment Discharge Gauging Data 

Gauging 
Date Stage Discharge 

Sediment Sediment 
No. Concentration Discharge 

[m] [m3/s] [ppm] It/day] 
9676 1103/88 1.331 138.14 222 26840 
9379 12/02187 0.968 83.88 53 382 
9336 29/01187 2.81 392 2283 77442 
9335 29/01187 3.175 439 2171 82440 
9315 19/01187 1.71 186.9 362 5871 
8559 27/11184 1.93 227.2 446 8763 
7924 11101183 1.716 196.6 588 9978 
7871 19/11182 4.582 923.6 4818 385636 
7988 11102183 0.826 70.4 26 159 
7678 30103/82 0.642 51.49 6.54 28.9 
6528 24/07/80 0.666 49.65 4.67 20 

! 

50,000 + ......................... . 

o 100 200 300 

! 

: 

i 

400 500 600 700 800 900 1,000 

Daily Mean Water Discharge [cumecs] 



APPENDIX V 

Media Schedule 



Acrial 
Acrial 
Acrial 
Aerial 
Aerial 
Aerial 
Aenal 
Acrial 

Aerial 

Aerial 
Aenal 
Aerial 
Aerlill 

Acrial 
Acrial 
Aenal 
Aerial 
Aenal 

Aerial 

Photo 
Photo 
Photo 
Photo 

Photo 

Photo 
Photo 
Photo 

Photo 

Photo 
Photo 

Hist. Photo 
Hist. Photo 
Hist. Photo 
Hist Photo 
Hisi. Photo 
Hisl. Photo 
Hist. Photo 
Hisl. Photo 
Hisl. Photo 
Hist. Photo 
Hist. Photo 
Hist. Photo 
Hist Photo 
Hist. Photo 
Hist. Photo 
Hist. Photo 
Hist. Photo 
Hist. Photo 

Slide 

Slide 

Slide 

Sun"C\" Dala 
Sun"e'" Data 

Sun"~"Dj)13 

Sum:yD3ta 

Suncy PI3n 

Sun"~" Plan 

Sun"cy Plan 

Sun"C)" Plan 

SunC\' Plan 
SunC\" Plan 
Sum~\' Plan 
Sun"c\" Plan 
Sun"C\" Plan 
Sun,," Plnn 

NOTES 

DNREJ I 1-13 25 Mar 1')% K Nicolle. DNRE 
DNRE2 I 1-14 13 No," 191); K Nicolle. DNRE 
DNRE I I 1·25 K lun 11)1)5 K Nicolle. DNRE 
RDRM4 I 1-3 3 Dec. 11)1)4 RDRM 

SN JK C 45·52 20 IA.'C I'>KK RDRM & CRC Timan! 
RDRM3 ., RDRM 
SN I/UK3 II, KIJ407.K9.t1'> 9Mar I')KS CRCTimaru 
SN 1I0K3 IK KK341 15 Jan 19M5 CRCTimaru 

C&G(l9K7) 24 Apr 19K4 Carson & Griffiths (l9K7) 

SN K039 H 20.21 14 Feb 19K2 CRC T. & UaCGD. DSLI 
RDRM2 Au -19KO RDRM 
SN 5('(,4 A 17 5 Fcb 19KO CRC T,man!. UaCGD 
SN 5204 D 1.2 15 Feb 1978 CRC Timan!. DSLI. UaCD[ 

E 2 
RDRM I Mil'" 1975 RDRM 

SKI K A 25 Feb 1972 UaCGD. DSLI 
SN 15KII 3734 20.21 7 Feb 1965 UaCGD.DSLI 
SN 151K 3697 3.4.K 120ct 1%3 UaCGD. DSLI 
SN 144(, 345(, 7.1) 17Mar 1t)(,2 UaCGD. DSLI 

3457 7·9 
345K 9" III 
3459 III 
34(,(1 II 
34(.1 /U 

SN62 2-3 -153('(,·45422 21 Feb 11139 CRCTimaru 

Hcale\ 27 Dec. 191J5 M Heal,,·. DNRE 
HealC\" 23 Dec 1')95 M HealC\"" DNRE 
HcalC\" J3 Dec 1995 M Heal,,·. DNRE 
HealC\." K Nm" 1995 M HealC\"" DNRE 

Healey 3 Aug 1995 M Healey. DNRE 

HealC\" 12-13 Jul1995 M Heal,,·. DNRE 
Heale, 2K·29 J1)n 191)5 M Heale\'. DNRE 
HealC\" 11·12 Jun 1995 M Heal,,'. DNRE 

Healey 19·23 Mar 1995 M Heale)". DNRE 

RDRM 22 Mar 1()95 J.Y oung. RDRM 
RDRM 1-4 I Dec 191)4 lYoun-" RDRM 

CH-II,) CAI)7K(, I Oet 1%5 NACHCH 
CH-II,7 CA4239 2Ma\" 1%2 NACHCH 
CH-II,7 CA424f1 2Ma\" 1%2 NACHCH 
CH·II,K CA424 I 2 Ma'" 1%2 NACHCH 
CH-II,7 c?-In ? NACHCH 
CH·l(,7 C53UI) I Ma\" 19;5 NACHCH 
CH-II,7 0310 I May 1955 NACHCH 
CH·Ift7 C4739 3 Feb )'}55 NACHCH 
CH-II,7 C3635 5 Ma\" 1954 NACHCH 
CH-II,7 CII}{)I) 27 Mar 1952 NACHCH 
CH-II,7 CIM,2 27Sep 1'151 NACHCH 

1941'.' UaCEL: J Youllg, RDRM 
1941" UaCEL. J Youn •. RDRM 

" Emin Sc\"b 
" Ermn SC\"b 
-, Ennn SC\'b 
-, Emin SC\"b 
-, RDRM 

J Youn '" RDRM 

M Heale)". DNRE 

J Youn '. RDRM 

2K5X 2K5K 19k1? UaCGD 

2M5 1) 2K5 1) 19MI'! uaCGD 

2MW 2KW 19KI? UaCGD 

No" 113t1 2'J ADr I'JX7 WCS Timaru: Stoker (I')KH 
No" 51)1) 25 Jun IIJKI WCSTlmoru 

No" 592 2(, May 19KI WCS Timaru 

No 4K2 5 Au!;: II)KIJ WCS Timaru 

TMll1r.t2 Ma~" 1965 RDRM 

MICl94 2 Aug 11)45 RDRM 

M240 (, Jull lN3 RDRM 

M2411A 1')43 RDRM 

Sep.I')41 RDRM 
Jun 11)41 RDRM 

",93 AK Aprl'NI RDRM 
-193 Mar jI)41 RDRM 
-II}] AI, II< Fcb 1937 RDRM 
41)3 A7 16Mar 193(, RDRM 

DNRE : Dcpanment of Natural Resources Engineering. Lincoln Uni\'ersity 
DSLI : Dcpanment of Sun"cy & land Information 
CRC : Canterbury Regional Council 
NACHCH : National Archi\"es Christchurch 
RORM : Rangital3 01' ersion Race Man3gementltd 
UOCEl : Unl\"crsityofCrullcrbury Enginccrin,g Libraf) 
UOCGD : Uni\'erslty ofCanlerbury Geography Dcpanment 
WCS : Works Consullancy Sen"iees 

Conunenl 

Gorge to lmn Stream Yes Medium colour 
Intake Bend 10 bnn Stream Yes Medium colour 
[nlake Bend 10 lmn Stream Yes SmaUcolour 

Inlake Bend (partial Yes large colour 
Gorge 10 lmn Stream Yes Small & medium colour 
Inlake Bend (partial No Di~lav Card ob!!!I!Je 

No Issued to Bob Hall 
G<>!E< '0 K1on<hte Bend Yes OneBrw aerial 

Klond)"ke Bend No 
Fig 6.llb JOH \·26 1987 'bcdIoad transport in 

Igra\'cl channels' 
Gorge to Mt Peel Yes 2 x srw aerial 

Inside ofKlondyke Bend Yes D~ay Card small 
Klondyke Bend 10 L\'nn Stream Yes One Brw aerial 

Gorge to Peel Forest Yes 3 x BfW aerials 

Inside of Klomn'ke bend No Dis la'" Card obful!!e 
Above o~ 10 sandtr!ll Yes On~oLo of Intake Bend fairh" useless 
Abo\"~ to Peel Forest Yes 3 efW aerials 

GOTJ!.t to L\,M Stream Yes 3 BfW aerials 
Gorge 10 Lynn Stream Yes (j BfW aerials 

Maybe bottom of area? No 
Could not find (comment about being in boxes 
on file room floor. unfiled in 1990 

Various Yes AfierChrislmas 
Various Yes On the '\",II'" home for Chnslmas 
Various Yes Flood 
Various Yes GPS Sun"c'" 

Various Yes Intake Bend jetboat sur\"ey & sediment collection 

Various Yes Sur\"eving \\ith MBF" Mt Pukanui walk 
Various Yes Sun"C\iJ1~ "ith MBF. sedlmcn!.l!.hotos 
Various Yes Aller:!lQ.ted sun'C"" snow" scdimen.!..Q}lolos 

Various Yes Initialsum~y period jetboat at Klond)'ke Bend 

Intake Bend. KJond\"ke Bend Yes 
Intake Bend Klondd.;e Bend Yes 26/10/94 or 1112194 

K10nm ke Bend Yes 
RDRln.ake Yes 
RDR Intake Yes 
RDRln.ake Yes 
RDR Intake Yes 
RDR In.ake Yes 
RDRlntake Yes 
RDRIntakc Yes 
RDRIntake Yes 
ROR Intake Yes 
RDR In.ake Yes 

Intake and abo,"c Yes ~h. 194) : Conon 1958 
Bend 2 Yes Spci ht 1941 
Bend 2 Yes 

Upstream from intake area Yes 
Abore Intake Yes 
Bclowlntake Yes 
Intake Area Yes Displllo,"Cnrd 

Klond ... ke Bend 10 Intake Yes Flood "ideo" N Stcvens. RDRM 
Intake Bend. GPS SurH:Y & 

Yes M Heale)' & D Lees. DNRE 
SandLra 

Klon<h-ke Bend to Intake Yes Flood ,"idco" N Sle,'ens. RDRM 

Klondyke Bend No 
Rangitata River looking dO\\lIstream at 
K10ndyke dO\\l1 Valley From Gorge (NZ Atlas) 

Rangitala R!,'cr looking upstream at Teradale 
Above Lynn Stream Yes sho\\1ng chute meander cut off from 1979 Dec 3 

flood INZ A.las 

Rangilata Ri,"er looking upslrCam still sinuous 
Abo,'e Lynn Stream No meandering as approaches Lynn Stream (RB) 

with 50 m gra\'el cliffs on LB (NZ Atlas) 

RDR Intake Yes RDR Inlct X·Seets of Rivcr 
Klonm"ke Bend Yes Ran itala Rh"er bank Erosion. Klondvke 

Klondyke Bend Yes 
Rangitata Ri,'er Protection: Klondyke Cross· 
Sections 

Klond)"ke Bend Yes 
Rangitata Rj"er Erosion Control: Sun"C)"s of 
I, .. 'o~ed di,"ersion sites 

Intake Site Yes 
Rangitata Di,"ersion Race Site Plan of In Lake as 
at Mal' 1965 

Intake Sile Yes 
Rangitata Diversion Riloce Intake: Position of 
River all Intake Gales Full Open 

Intake Site Yes 
Rangitata Dh"ersion Race Protection at Intake 
General Plan Long Section and Slab Detail 

Intake Site Yes 
Rangitata Di,"ersion Race Proposed Protection at 
Intake 

2to 3 mIles Yes Start of Klond\"ke Bend 
I 10 2 miles Yes Belween Intake & Klonm"ke bends 
010 I miles Yes Intake Bend 
Intake Sile Yes Intake Site 

Intake 10 0 miles Yes In.ake & U/S 
Oto 1 miles Yes Intake Bend 
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Physical Model Data 





Shields Curve Plot of Intake Bend Physical Model Data 
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Runll..___!l.ate _______ Discl~.8e.. _______ Dllration Point.Gaugin,!,g"-o-_~ _________ --",C",o=mme!!.ts _________ _ 
_ . ________ -"'ol2.typ.e..~OI!eL...:J'r.o!oI}'Jle __ ___'M'"o'"d.,ec_I-"-'Pt'"'-'.Ga=u"ge~----'E'"O"'M"'-----ii _____________________ -l 
______ . _____ ~cu'~sL __ l/IsL'_ __ !l'!L~_(ti!i!I0L1_+_----'------t_!, ________________________ _ 

Approx.20 linitial test II1II. Water flowed in tlle right dirrection· You beauty! No 
___ . _____ . __ . ________ ~ ___ '__ ___ ,_----_+---~------'i"'be"'d ... lo"'a"'d"'m ... o"-'v-"em=en=t ________________ . ___ -{ 

-.-.-------.-----------~----t----+----___cc;____c_____;;:~~____;~--c--___;__o_:_.__:_cc:_c_~_;;_,--__j _________ . ______________ . _________ --'-___ --+ ____ '-iC..,al'acity orulS stilling basin inc~eased,.jrltak .. ",,-irinstalle<!, __ 

--2-------~-~20:0-·- -·---~-Ac-pp-r·-o-x.-:2'"'0--'-, ------i-----ii"Se-c-o·n-d~te-st:-ru-n.-:T:::co--c-te-st:-:tl'le-c-a-p-ac-city-o-~fc;th-e-m-o-:dc-elc-.-:Fl=-o-w--U1~· -cr-e-as-e-cd---j 

,up to 5500 cllmees. AU performed generafly ok. Significant bedload 
____ . _____ c _____ ---'-_____________ --'-___ --+ ____ J!lm",oov"e"":me.I1!!!J1igl1er flo~~ ___________ _ 

!Lobe of sediment deposited opposite RDR intake on TRHS from 
!scour hole in gorge (fRHS XS 3). Blowout of weir on TLHS. 

______________ ----.----_-___ L-___ T' __ ~CMI! S£911l blli>_\,'c.o-'IC!e.t".P1Qte~ti.<>n ofRQRen.\b_anlcmel1l._ 

I --'---

---- --1---------1---- --------1 i I lUIS flow vanes installed. EDM b~IC!1-"Iar.k set ul'.~. -------1 

------~-----.--~------~~--~~I~~~~rl~~~~~i~~~~:--c~~--__ ~--c~----~~~~--~-
3 ·7Mar19%-- Approx. 40 ! Before: OL I Before: MH IRilll to validate initiation of sediment transport, test lighting, video 

; After: DL I Aller: MH land photograph performance, flow visualisation witll tracer (milk), 

I land test Point-mlli!!gccm;::e"'th ... o"'d";·=c-__ ---;-;--;-.,------,---;=_I 
I I I Flows increased from 1800 to 4500 cumecs and back down to 400 
i ' c\llllecs. 

----,~ -----~' -

____ l8~_ ---o6".5:-_--'-____ ~-----+-----+----~iN .. o"-s"'e"'diJ,.· n~e~n""tm=o .. ve"m"'e"n"'t~--------------1 
__ . _________________ 2600 ;_~------~--------~i--------+---__ ---~I:S~o~m~e~s~ed~in"'l~e~nt~m~o~v~e~m~e"n~t ___ ---;~ __ .-__c_--__ --c--:=-:::c~----1 

, 3300 12.0· .1 ii ISignificant sediment movement Flow almost overtopping RDR 

_________________ ~ __ ~~~--~:---L-------'r--------+.--------~-------~lle~nl~b~ankm~~e~n~t~~:___::_:~--------__ ----__ --------__l 
4500 16.3 'Overtopping ofRDR embankmen"t,;-. ----o=~--o----,.-----___l 

=-~-=-----::--==-~__ 3900 __ ~_1_4,~ I I Video footage. Flow jllst overt0pJliII&.!illR embankment 
, 5000--.-'-_,,1."'8 ______ ,---___ + ___ + ____ -' tv ""ideo footage . 

. _~ . .=. _____ ~--=-==c--4QL__+_--.-L.s..-:Tracer test 
______ ----______ . _____ --,-______ .--r-____ +-I ___ + ___ ---1I"':SUI"'· "'Iil"'ar'-s ... c"'o~ur'_'an=dcode=ep"'co ... s~ib ... ·o~n"as=;= plre"V1 .. ·o",IIS=III"n,,,-; "no __ w" .. eir=bl,oow"","ou'Ot ... __ 

--.---- -~-----~---.---'----

4--j8M¥~· 2200 8.0 

,lUIS inlet weir installed. Edge ofRDR embankmentrai,sed to correct 
Ilevel. Terrace above intake ports constructed. Intake gates pier 

I 
:.cOJlStrncted. Crane !loodlights'fixed. Stilling basin at lower end of 

I • Imodel reduced to oIle ~Q!!IJlM!m~ _______ _ 
.! I I 

39 [' Befure: DL I Before: MH I Run to validate model against 13 Dec 1995 flood. No app.r~ 
I Aller: PS 'I' After. MH Ibedload movement First full point-gauge trial. Difference between 

I Ipoint-gauged cross-sections before and after nUl insignificant. Tracer 
. _____________________ ----L ____ I'-____ i"'te .. s,~_!'--arried ol!lJl'i!tite "'a!~_aml~!~ __ _c ____ ---I 

!General agreement with prototype behaviour. - ie_ no significant 
!- erosion.of embankment material during 000 d; general flow pattenlS in 
lagreement. High turbulence Ul gorge (unevel' water surface Mld rapid 

-----_ .. _-- --_._-- -------- ______ ~ ___ _._;----_'i;;;tra~c~e.[!1ID!llial). ________ _ 
iTracer mixed witll enitire Hume water slIpply • photos taken - How 

_____ , ___ . __ . __ ~. _______________ '-_. ___ +-___ -+-_____ ~lg"'en"'e ... rall""'y7t~0,0" .... de"'ep and u.'!ifoml to disc·!!'_lIlIything~· -----~_l 
i Photos taken at low !low (approK. 350 cumees) witll tracer present in 
iwater - able to decem larger rocks, water edge at low !low (bars?), 
iflow patterns, weir, etc. Some disturbance of weir rocks (Uattening 
iand spreading DIS of weir - esp. TLHS), _________ -j 

5 . ------·---c3'c9;-------;;B:-er.""0-re-:=PS-+ Before: MH ;Run to validate model agaiJlSt 25 Dec 1957 & 3 Dec 1979 (& approx. 

After: PS Aller: MH 191an 1994?) Hoods. Tracer tests. Deposition of sediment lobe UIS of 
Iweir as previously_ Water just lapping over RDR embankment 
[between XSs 10 &11. Very close at head of embankment 

i ---------l --.-----.,-----+--------i'------+----c-------~c--~-~-~.,__~--.-c-----l 

1 

I Surface waves caused by boundary rougluless - big rocks (& conc.-
jgravel transition). Break·away point @ head of embankment (& 

! 

Itransition from protection to gravel embankment). - possible reason 

--------- - -~- . '.' I ISignificantamout of gravel in bottom stilling basin at endofllln 

.. ____ .. ___ .~ _. ___ ~. __ ----+ __ --+(apJl.~ro~K~.~2~h~eartl=I,~s~h~ov~e~ls~).~ _____________ 1 

i for deposition of rocks at base of embankment just DIS. 

----~---~ 

--------

29 Mar 19% 4000 145 

23 Apr 1996 900 3.3 

---------------1- ' ' 
_ . __ .. ___ . _____ . ___ -llntake gates !'ier and intake sij>llon adjl\Ste<!to _'-"-rrect level,-_ 
'i _____ _ 

39 ;RDR Board demo nul. Flow increased from approx_ 1000 Cllmecs to 
, ' ,approK. 4000 cllmees (150 year retllm period !lood). Flow decreased 

__ ~ ____ ~----jg()!{Il1Q-~p~rox.j90 ~~m_~~(Qr ~p~o~d .• _~ __ ~~-c----

I
· IWeir aligiIDlent changed (U/S vs DIS diagonal vs perpendicular to 

! Iflow). Gaps in weir (centre vs side) trialed with above options. Spur 
I i igroynes at end of concrete protection trialed to stop erosion in 

-----L---l----~inity. -=;c-.,----c--,----;i 
1 i iApprox. 1.5 hearth shovels of sediment in bottom stilling basin at end ___ +-___ !!ofrul1~ ______________________ _ 

---- - - --- ------lIntake pier stnlcture fe-glued to intake slPhon. -Modelbed s~-d~ 

_____ .. ____ ~---~------J!<"!.orked. 

Approx. 40 
--.---'----~ ------.---------.----.~ 

,101111, Ross & Neill familiarisation IIIns. SigiUlicant settlelllent of bed 
i material due to previous reworking noticed. Video coverage of entire 

______ ------~----~ld,ayJ)JlJ-Iej!l-----------______ . __ 
: Spray painted cross-sections of model with dazzle to accertain bed 
Imovement. Dazzle washed off - llIlSuccessfid. Tracer tests for flow 
ivisualisBtion. Intake stnlchlre hlrbulence attaclullent for fish 

Approx-. 2;;;0c-+----t----·-ii!::~"'~"":!:~iition~St\iliglo-y-n-e -an-d-r-ock-re-ve-btl-en-t-er-o-sio-n---

imitigation tesls. 100 mm groynes spaced at 300 mm intervals with 
IDIS angle. Varions angles and VIS deHector groyne geometrys 
'trialed 

i 



3500 12.7 Approx.40 T&T visit. High lIow test ofgroynes & reveunent. Test with 
'relocation of bottom end of weir fiuther U/S to mitigate scour at 

. __ ~. _____ ~-----J»~~~~oQcTete reyebn~I).~ ___________ . ______ _ 

- ----------- --- --- ------------ -------;-----~----~~-~~~~~~~---.~-~-~--~-----------
Refonning of model bed. Aggradation @xs 16-19_ Downcutting@ 
:20 - due to outlet weir (most of material insedimelltation basill 
:probably derived from here). Aggradation on insides ofxs 10-12. 

______ _ _______ _ ________________ ~----f_---~---~'D~e~l!I]I-d!!il>IloIl9utside of&, 8_~2.f&jnsi<!e). _________ -;--;-
Annour layer fonned (manually) btwn xs 20 & 21 when fonning bed_ 
iScour@ base of intake peir. Scour at inside ofxs # 3 & deposition@ 
,xs 3.5 - 5. XS lines sprayed using red spray-cote paint - some grain 

,adhesion noticed when dry - careti,Uy broken up. 

;XS's point-ganged@eacl,xs8-19. 15 pts@ I cm offsets-(~ 
!bottom 2 xs's). Starting point of each xs marked witl, red paint dot. 

------------- ---------r--------,------- --------------

14 May 1996 

2200 

1.6 Approx. 20 I Before: PS ' Before: MH Further validation mn. Surface tel15lol1 callses-Ufting-of some -------
After: PS After: MH :sediment at beginning of ron. Water temperature 13.9 ee. 

I Measurement of flow depth at weir and xs 15. Water surface velocity 
---c-- _______ +_----+----.JI"m .. e .. as"'u"'re."d~us!i'-u"'· ",,,-t!o_~ts between xs.1Q.$t_IlL__ _ _________ . __ 

IV-notch point gauge faulty (pointer unscrewed from tank vibration -
!fixed)_ Considered a 'recellf occurence &110t faulty during weir 

8.0 

I calibration or other validation nms - comparison of water surface 
_=_--i ____ -r-___ ---"ie~le'-'v:.a,b."·,o'!_ns ... _c~s-'upPJ!I1'-this-.-------- _________ _ 

39 ,Water depth measured at weir and xs 15. Surface velocity measured 
!btwnxs 10 & 16 using lIoats. Watersurface profile btwn xs 8 & 19 

-=-_~---7:C--;-----+-----,;s~UI:veYed. __ __ 
39 ,iWater depth measnred at weir and xs 15. Surface velocity measured 

ibtwn xs 10 & 16 using lIoats. Water surface profile btwn xs 8 & 19 
Isurveyed_ Halfheartl, sl,ovel of .. din"nt in dis basin at end of run. 
I Surface featmes noted and xs's re-point-gauged. 

!~o significant scour except at begUUl.i.ng of concrete revebnent. Zig-
izag bar fonna"'ti"'·o"'ns __ n,.,o"'u,,·cc=c.d"'. _____________ _ 

-----.,-------------,---- I 

-----.-~-----~: -~--+--- i • 

-'--Q--17May 1996: 1756 :-~------r-A;-P-P-ro-x-_-:-1-:-5+-----t----T.IS;--u-p-,pl:-e-m-en-Ctc-ary-v-ali;c·d""a"Cti-on-ru-n-_""M-=-e-as-,-,,-e-w-aC"te-'-Sl-,rti-;ca-ce-v-.-:-1o-cc:ity-----J 
lopposite intake to validate model witl, that estimated during lIood in 
'field. 

--.-----~------~-3~ 12_7 Approx. 15 Measur. wat.er depth@xsI5andatweir.Videofloatsalonglength 

_--,-__ c_.--- I i _~~--'-___ +-c-__ 77+-___ -+ ____ -p'o",f~m"o",dO'elC'to"-",ae,,e~ain wat~~sllrfac_~ flow dlr~~~_~~~ 
~T 8.0 . i Approx. IS Video lIoats along length of model to acertain water surface flow 

_______________ c _____________________ T-_____ --i _______ t-______ -Fdirection-plot~. _________________________ ~ 

(Groyne and weir aligmnentnlll. 12, 10 cm (15 01) long groynes 
ispaced at 30 em (45 m) centres between xs 10 & 16. Dye and float 
itracer tests in main channel and between groynes. Deflector groyne 

__ ~__ _ __ _ _______________ ~ ___ _+----t_---~:tn""·alk<!athead (3j)~gJl~~"_diculM.p.Loie_c_ti_o~I~\S •• ar';-'u"'e!-';).c-;-~;-:---1 
• I i1mproved tlow patterns. Groynes and weir sprayed with dazzle 10 

limprove visibility. Entire lIume water supply dyed with white tracer 

____ ~ _. _________ ~-______ ~ ____ +_---+-----',;:;to'-'il,,"'-"p"'ro~v-"e-"w"!a""te"'rlbu,~~'iJ!~w"_e"'ir ... c"'o'"'n:"tr"as"t.'-o--:_---:_____l 
iTrue right end of weir moved dis to make weir angle more accute -
iimproved flow transition to detlector groyne. Video and stills taken. 

3500 12.7 
________ ~--~~~------T_-------+ip~robahlysafuID~yn~~5-"0~n~'c~e~n~rr~eS~':-~~~-----1 

Approx_ 15 iSilnilar flow pattems. Groynes over-topped, and possibly less 
!effective. Presence of groynes caused notably more embankment 

_______ . _______________________ -c-____ -'-___ -+over.t"PPing at tlUs_lIow r"""'. ______________ --1 

12 

Approx.30 IPe!jlendicular aligned weir test. Weir aligned pe!jlendicular to 
1 channel at head of embankment (xs b). ~,creased water level behind 
Iweir to approximately the equivalent of3,500 cmnecs in the baseline 
Icase. _ 
iConsiderable scour of dis weir face, river bed and left ar,d right banks. 
IBoth callsed by shorter weir crest ar,d therefore greater water deptl' 

____ ~_ _ _____ !above crest. ~~me char~ges in dis: bed fOfInatiOJ,!"IS,,-. -'-0---:--;-----
------+-----l------"IC)lMlges in cr~ss-sectiol1 at-mtake atSo~ not-asdeep at intake because 

iless flow on outside to scour. Not as shallow over rest of section 
ibecause weir fiuther away and greater flow depth allows SCOUT. 

______ _ __________ ----;------ I __________ _ 

_ '____~ -::-~:.=...-: _ _ _ __ ' ___ ~- Xide~_ar'd stills tal<e~~~'i['d ~c-,-r tests,.-:=-:--==-_----=-

28 Apr 19.96 2200 8.0 Approx.30 ' : ,Opposite diagonal weir alignment test. From midway alollg lower 
_ ____ _ ___ _________ ' _JPortion of!!>take~~hol~t_"!'~fway.betwee!' xs9 &IQ. ______ _ 

!Resulted in greater pressure on siphon and RDR embankment 
I concrete revebnent. Also seemed to enhance secondary circulation 
i(thus lncreasing bank erosion?). Appeared to increase tIood level at 

I lintake peir slightly beca,lS' of closer proxin,ity. 

----, -----,-----,' -+-----+.I c;c-;-----;-:~:-;-____;;_--,-__;_,______;_-:---------~ 
['ideo and stills taken: fI,..o",a"-t,.an",d"tr~,a .. c",er'-"t"'es .. ts,,. _________ -j 

-------, - ------ ~--- ------·-----·---'-----i------IFinished - you beauty! 



APPENDIX VII 

Modelling Bank Erosion o/Gravel-Bed Rivers 

CONTENTS 

A7.1. INTRODUCTION .............................................................................................................................. A7-1 

A7.2. MECHANICS OF RIVER BANK EROSION ................................................................................... A7-2 

A 7.2.1 Fluvial Entrainment ..................................................................................................................... A7-2 

A 7.2.2 Processes of Weakening and Weathering ..................................................................................... A 7-3 

A 7.2.2.1 Strength Reduction ................................................................................................................ A 7-3 

A7.2.2.2 Surface Erosion ...................................................................................................................... A7-4 

A7.2.3 The Mechanics of Failure ............................................................................................................. A7-4 

A7.2.3.1 Non-Cohesive Banks ............................................................................................................. A7-4 

A7.2.3.2·Cohesive Banks .: ................................................................................................................... A7-5 

A7.2.3.3 Composite banks .................................................................................................................... A7-6 

A7.3. MODELLING EROSION OF NON-VEGETATED RIVER BANKS ............................................... A7-7 

A7.3.1 Theory ........................................................................................................................................... A7-7 

A7.3.2 Discussion ..................................................................................................................................... A7-9 

A7.4. MODELLING EROSION OF VEGETATED RIVERBANKS ...................................................... A7-13 

A7.5. CONCLUSIONS .............................................................................................................................. A7-15 

A7.6. REFERENCES ................................................................................................................................. A7-15 

TABLES 

TABLE A 7-1: Physical statistics of willow poles over various model scales ............................................ A7-14 



A7-1 

A 7.1. INTRODUCTION 

The accurate scale modelling of river bank erosion is a facet of hydraulic modelling which would be highly 

desirable to achieve. Having the ability model such erosion could give a far more accurate representation of 

river dynamics. For example, in braided rivers a large proportion of sediment is derived from bank erosion 

(in the Waimakariri River it has been estimated at 65% of the total load) therefore it is important to model 

such gravel acquisition in order to accurately simulate the braiding process. The ability to model bank 

erosion could also have major benefits for risk analysis and other planning purposes. 

However, scale modelling of river bank erosion does not appear to have been attempted before, or if it has, it 

is certainly not common practice to do so. This suggests that either the importance of modelling river bank 

erosion has not been recognised, and/or that it has been considered too difficult to perform, for reasons not 

well publicised. 

The possibility of incorporating vegetation in small scale hydraulic modelling is a further factor that would 

provide greater accuracy of prototype processes. Vegetation modelling could be performed in relation to its 

effect on bank erosion, its effect on channel patterns, aggradation / incision of the flood-plain and/or its 

effectiveness in flood control schemes. 

As in any aspect of hydraulic modelling one first needs to consider the purpose of the model, what time and 

space scales are of interest, which are the important variables and which processes need to be modelled. In 

the case of modelling river bank erosion, the feasibility of achieving dynamic similarity with the prototype 

will be limited by the physical constraints of the modelling flume and the physical complexity of the 

prototype (ie. presence of vegetation, stratified bank sediments etc.). Thus there is an endless variety of 

possible modelling situations, each of which has an associated degree of feasibility. It is obviously 

impossible to describe all these situations. However, it is possible to consider general features that may be 

present and processes that may be occurring in the prototype river bank and to describe likely constraints in 

their ability to be modelled. This is the approach taken here. 

Consideration of the problem of modelling bank erosion will be made in two sections. Firstly the "simple" 

process of modelling bank erosion without the influence of vegetation will be considered. Secondly, 

consideration will be given to attempting to model the additional influence of vegetation on bank erosion. 

An introduction to river bank erosion, outlining possible physical situations, processes occurring and 

mechanisms of failure, is provided in the following section. 
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A7.2. MECHANICS OF RIVER BANK EROSION 

The following introduction to river bank erosion is based extensively on Thome (1982). 

Banks may be constructed from non-cohesive, cohesive or composite (eg. cohesive overlaying non-cohesive) 

material. 

Mechanical river bank failure supplies material to the toe of the bank, where its removal depends on fluvial 

entrainment. Where the flow is able to remove all of the debris and continues to scour the toe area, further 

bank failures will occur and erosion by fluvial entrainment and surface processes continues. In contrast, 

where the flow is unable to remove all the toe debris a wedge of failed material develops. This tends to 

protect the intact bank from fluvial entrainment and surface erosion and, by acting as a buttress, increases 

bank stability. 

Processes of river bank erosion fall into two main groups: fluvial entrainment, and sub-aerial / sub-aqueous 

weakening and weathering. Wind and boat-generated waves can also cause bank erosion, and can be a more 

important cause of bank retreat than fluvial erosion, however the lateral extent of wave erosion tends to be 

limited by the tendency for a berm or shelf to develop. Usually it is a particular combination of the above 

processes which is most effective in causing erosion. 

A 7.2.1 Fluvial Entrainment 

Fluvial entrainment is caused by shear stress generated by flow in the channel exceeding the critical shear 

stress of the bank material. Fluvial entrainment of sediment causes bank retreat in two ways. First, material 

may be entrained directly from the bank and transported downstream. Secondly, the flow may scour the bed 

at the base of the bank (increasing bank angle and height) to bring about gravitational failure of the bank. 

The nature of the particles entrained at the bank surface and the mechanics of failure of the bank depend on 

its size, geometry and structure and the engineering properties of the bank material. 

In the case of non-cohesive material, individual grains are entrained by pivoting and rolling or sliding. The 

stochastic nature of the distribution and fluctuation of shear stress and particle size distributions limits the 

usefulness of equations to describe grain (and therefore bank) stability. 

The mechanics of fluvial entrainment of cohesive bank material is exceedingly complex and not well 

understood. The erodibility of cohesive soil must depend to a large degree on the type of units available for 

entrainment from the surface. The surface of alluvial banks often consists of highly desiccated aggregates or 

crumbs in the size range 1-10 mm. These are strongly bonded collections of clay, silt and sand particles. 

Bonds within an aggregate are much stronger than those between aggregates to the extent that, at low levels of 

stress, the soil can behave as if it were made up of slightly cohesive grains, of low density, in the coarse sand 
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and gravel size ranges. Fluvial erosion of cohesive soil often takes place by the entrainment of these 

aggregates rather than discrete particles. 

Particle detachment for cohesive materials has been related to various soil properties, including mean particle 

size, clay and organic material content, type of clay, bulk density or void ratio, and various expressions 

related to the solution phase and exchangeable ionic strength and composition. Particle detachment has also 

been related to various test conditions, including the physical and chemical quality of the eroding water, 

sample antecedent water content, rate of sample wetting, pore pressure and various time influences 

(Grissinger, 1982). 

Model tests have shown that, in the erosion of cohesive soils, void ratio influenced the time required to reach 

equilibrium, but did not influence the total erosion at equilibrium. Clay content, however, influenced both 

rate of erosion and total erosion at equilibrium (Grissinger, 1982). 

A7.2.2 Processes of Weakening and Weathering 

Processes of Weakening and weathering act on intact bank material to reduce its strength and decrease bank 

stability. The most effective processes of weakening and weathering are associated directly with soil moisture 

conditions. These depend both on climatic conditions and on the properties of the bank (scale, structure, 

geometry and bank material). The processes fall into two groups; those which operate within the bank to 

reduce its strength, and those which operate on the bank surface to loosen and detach particles or aggregates. 

A 7. 2. 2.1 Strength Reduction 

In poorly drained banks, positive pore water pressure can weaken a bank by reducing its effective strength. 

The most critical condition occurs during heavy or prolonged precipitation, snow melt or rapid draw-down 

following a high flow stage. On the basis of available field observations it appears that positive pore water 

pressures in natural river banks are not a major factor in causing failure. Failures probably occur during 

draw-down because of the decrease in strength on wetting and the increase in effective weight which occurs 

when conditions switch from the submerged to the saturated. Because of this effect, most bank erosion can be 

experienced on the falling limb of a flood (Richards, 1982; Connell, pers. comm.). Cycles of wetting and 

drying are also extremely important as they cause swelling and shrinkage of the soil which leads to soil 

incompetence. 

Freezing of water in pores or cracks and fissures (frost heave) heaves apart soil units and loosens the bank 

material. This tends to weaken the soil by reducing granular (or soil unit) interlocking and hence the friction 

angle, and also by destroying any cohesion. 
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The movement of water though the bank can lead to leaching and softening. Leaching is the removal of clay 

particles by solution or suspension. This weakens the bank material by reducing its cohesion. The effect is 

particularly important in loessial soils consisting of silt and sand particles cemented together by surface 

coatings of clay. Leach ing of the clay can result in almost total loss of strength. 

A 7. 2. 2. 2 Surface Erosion 

Precipitation may lead to surface erosion by processes of sheet erosion, rilling and gull eying. The importance 

of these processes of surface erosion depend largely on the extent and density of vegetative cover on the 

bank. Where vegetation is well established it can reduce the rate of surface erosion by several orders of 

magnitude so that processes of surface erosion may be neglected in determining bank stability over periods of 

the order of 100 years. 

It should be noted that vegetation can be a positive or negative factor in terms of bank erosion. Large 

uprooted trees along river banks can protect the banks against erosion. However the same fallen trees on a 

smaller river would cause local acceleration of the flow and generate bank scour. This is then a question of 

scale. Absolute size is also important, however. The surcharge weight of large trees on steep banks may be 

more influential than the increased shear strength due to the root reinforcement, so that the net effect of large 

trees is to reduce the stability of the bank. Conversely, small trees, shrubs, deep rooted grasses and legumes 

increase shear strength and provide good surface cover without significant surcharging. 

A7.2.3 The Mechanics of Failure 

A7.2.3.1 Non-Cohesive Banks 

On non-cohesive banks fluvial processes are the most important, though reduction of the friction angle by 

loosening can be very effective in eroding closely packed and imbricated deposits. 

A7.2.3.1.1 Drained Conditions: 

Failure takes place by dislodgment of individual grains from the bank surface or by shallow slip along a plane 

or very slightly curved surface. Deep seated failures are unlikely on non-cohesive banks because the shear 

strength usually increases more rapidly with depth than does shear stress. Failure may be brought about in 

one of two ways. 

First, loosening by processes of weakening and weathering may reduce the friction angle to a value smaller 

than the slope angle. This reduction occurs because the friction angle is directly proportional to the packing 

density. Closely packed samples have a high degree of granular interlocking in addition to plane friction 

between grains. Also, they dilate on shearing and this increases their strength as it requires extra energy. By 

contrast, the volume of closely packed samples decreases during shearing. The difference in friction angle 
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between samples in dense and loose states is often about 70%. Platy particles which are closely packed and 

imbricated can have a very high friction angle and form steep or vertical banks. Very great reduction of the 

friction angle accompanies loosening and loss of imbrication in platy deposits. Friction angles for non

cohesive materials which are loosely packed are generally in the range 20-35°. 

Secondly, over-steepening may increase the slope angle to a value greater then the friction angle. Over

steepening results from erosion of the lower part of a non-cohesive bank or of the bed adjacent to the bank 

and can cause slip failures higher up the bank. 

A 7. 2. 3.1. 2 Undrained Conditions.' 

If the pore pressure is positive, the limiting slope angle is smaller than the friction angle. Under submerged 

conditions (provided no pore pressure or fluid shear acts) the bank stability is identical to that under drained 

conditions. 

If the bank material is only partially saturated, the pore water pressure is negative. This pore water suction 

gives the non-cohesive material an apparent cohesion and allows the bank angle to exceed the friction angle. 

Under these circumstances non-cohesive material can behave like a weakly cohesive soil. This apparent 

cohesion, due to capillary effects in partly filled pores, disappears if the material is completely dry or fully 

saturated. 

Mechanics of failure for undrained banks are similar to those for drained banks with the addition that failure 

may result from an increase in pore' water pressure. This may occur at the foot of high banks or valley side 

slopes following heavy rain or snow melt, or at a bank face near the water surface during rapid draw down. 

The mechanism of failure may be a shallow slip or the detachment of individual surface grains in a "flow 

failure". High seepage pressure can also lead to piping in the lower part of a bank which may cause failure 

due to over-steepening higher up the bank. In the case of fully saturated, loosely packed cohesionless 

materials failure by liquefaction can occur. 

Measurements of pore water pressures in gravel banks suggests strongly that such materials are well drained 

and so it seems unlikely that failures due to high pore pressure are significant. However, significant pore 

pressures may occur in the non-cohesive lower sections of high composite banks. 

A7.2.3.2 Cohesive Banks 

In the case of cohesive banks the impact of individual processes varies with climatic factors and soil fabric 

and structure so that it is impossible to rank the processes in order of importance except at specific locations. 

In contrast to non-cohesive banks where stability is independent of height, the stability of cohesive banks is 

strongly dependent on both the bank angle and height. Often on high cohesive banks failure occurs by deep 

seated rotational slip. This is the case because the shear strength of cohesive material usually increases less 
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rapidly with depth than does shear stress. However, shallow slips do also occur. Failure by shallow slip has 

less impact on a river bank than deep seated rotational failure, but the high frequency of shallow slips can 

make them important. Slab-type failure with a block of soil toppling forward into the channel, occurs on low, 

steep, cohesive banks. 

Most authors note that root bound blocks of soil come to rest at the bank foot after failure and can remain 

there for periods of months or even years. Whilst in position they act as large roughness elements, protecting 

the basal area from high velocities but possibly causing eddying and local scour too. Through time, blocks 

break down to form a vegetated basal piedmont which tends to stabilise the bank. 

A 7. 2. 3. 3 Composite banks 

Composite banks are made up of cohesive and non-cohesive materials, often in discrete and discontinuous 

layers. In the case of gravel-bed rivers with flood plains, the non-cohesive materials are sandy gravel deposits 

formed from relic channel bars and the cohesive material is sandy silt/clay laid down by over-bank flow, in 

abandoned channels and on emergent bars. The characteristic bank form shows imbricated gravel with 

interstitial sand overlain by sandy silt/clay. The interface between the materials is usually well defined. If the 

channel is deeply incised of is eroding the valley side or a bluff line, there may be several layers of materials. 

Erosion processes and failure mechanics on composite banks reflect the nature of the bank materials, 

proceeding by a combination of those which operate on single bank materials. Processes of surface erosion 

and their distribution over the bank are of vital importance because of the great disparity in resistance to 

erosion between the cohesive and non-cohesive layers. Two systems must be considered; that where a non

cohesive layer underlies a cohesive one, and vice versa. 

Insitu sandy gravel is more easily eroded by fluvial entrainment and loosening due to sub-aerial processes 

than is cohesive sandy silt/clay. As a result the presence of gravel below a cohesive layer leads to over

steepening. The mechanism of failure of the over-steepened cohesive layer depends on its thickness and may 

be rotational slip, plane slip or cantilever failure. The presence of cohesive material below gravel usually 

results in the formation of a bench, tending to protect the gravel from fluvial erosion and over-steepening. 
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A7.3. MODELLING EROSION OF NON-VEGETATED RIVER BANKS 

A7.3.1 Theory 

Small-scale physical modelling of river bank erosion requires the use of a small-scale, mobile bed, physical 

hydraulic model. Theoretical design of such a model, based on the method of Valin (1971), is described in 

Appendix II and results in the following scale relationships: 

(A7-Ja) 

( )

2/3 

..1,=..1, =..1, ~ R:~ 
I k, d R' 

". 
where R:~ ~~ 70 (A7-1b) 

(A7-1c) 

Acquiring similarity in the rate of river bank erosion requires similarity in the processes of erosion which in 

tum implies similarity of the factors controlling these processes. Further, in order to model bank erosion one 

needs to consider both similarity of the failure process and similarity of the entrainment process. 

Richards (1982) states that the major controls on river bank erosion are due to the bulk properties of the bank 

material. The two fundamental equations of soil mechanics which define the major bulk material properties 

controlling soil behaviour are the Coulomb equation (A7-2a) and Darcy's Law (A7-3): 

Coulomb equation: 

Where: 

s = CY' Tan ¢' +c' 

s = shear strength [Pa] 

d = (a - u) = effective stress [Pa] 

a= Ph g z = total normal stress [Pa] 

u = P g h = pore water pressure [Pa] 

Ph = bulk density of bank material [kgm·3] 

g = acceleration due to gravity [ms·2
] 

z = depth of bank material [m] 

P = density of water [kgm-3
] 

h = depth below water table [m] 

tfJ = apparent angle of internal friction [rad or 0] 

c' = apparent cohesion [Pa] 

(A7-2a) 

(A7-2b) 

(A7-2c) 

(A 7-2d) 



Darcy's Law: 

Where: 

v = -k iJhl 

iJx 

v = water velocity [ms·'] 

k = coefficient of permeability [ms·'] 

&II/Ox = i = hydraulic gradient [null] 
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(A7-3) 

Thus, the above two equations (ie. their defining parameters) need to be incorporated (scaled) in the model in 

order to achieve dynamic similarity of the bank failure mechanism. 

Achieving dynamic similarity of the Coulomb equation (A7-2a) is achieved by gaining similarity of its 

constituent parameters. As can be seen from Equation A 7-2b, effective stress is based on total stress and pore 

water pressure (hydrostatic). These terms are, in tum, defined by acceleration due to gravity, bulk density of 

bank material, depth of bank material, distance below water table and density of water. Both acceleration due 

to gravity and fluid (water) density are necessarily held constant over the prototype and model. If geometric 

similarity in the model is achieved then both depth of bank material and water table elevation will be scaled 

with the length scale (similarity of water table elevation will be discussed in more detail later). Bulk density 

of the bank material depends on the dry density of the bank material (equal to that of the prototype (A7-la)), 

the packing density of the grains (same as that of the prototype because the grain size distribution is scaled 

down with the length scale (A 7-1 b)) and degree of saturation (which should be the same as the prototype -

discussed later). Thus overall the bulk density of the model should be the same as that of the prototype. 

Therefore, from Equations A7-2c-d it can be seen that both total stress and pore water pressure, and thus also 

effective stress (A7-2b), should scale with the length scale. Similarly with the shear strength and cohesion 

scales: 

(A7-4) 

Since the angle of friction is a dimensionless quantity it holds the same value in both the prototype and model, 

ie: 

(A7-5) 

Thus, if the above scale relations are achieved then dynamic similarity of the Coulomb equation will be 

achieved. 

It should be noted here that failure of a river bank due to it reaching critical height (by vertical fluvial scour at 

its base) is described by the critical height equation: 

(A 7-6) 

Where: He = critical bank height [m] 



n.1 = stability factor [null] 

c' = apparent cohesion [Pal 

Ph = bulk density of bank material [kgm-3] 

g = acceleration due to gravity [ms-2
] 
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The stability factor in the critical height equation is a function of bank slope and bank material friction angle 

only. Thus the above equation shows that critical height is defined by parameters that have already been 

presented by the Coulomb equation, and thus no further scale relations need be defined in order to describe 

bank failure from the attainment of critical height. 

As can be seen from Equation A7-3 Darcy's Law is made up of the coefficient of permeability and hydraulic 

gradient. Because hydraulic gradient is a dimensionless number it will remain (in theory) the same in both 

model and prototype, ie: 

(A7-7) 

Since the coefficient of permeability has dimensions of velocity it will scale with the velocity scale, ie: 

(A7-8) 

Thus, achieving the identity of the above scale relations will achieve dynamic similarity of the bank failure 

mechanism. Therefore all that remains in order to achieve dynamic similarity of river bank erosion is to show 

dynamic similarity ofthe entrainment process. However this should automatically be achieved if similarity of 

sediment transport is achieved, as described in the formulation of the sediment transport model (Appendix II) 

and shown by the scale relations of Equations A7-la-c. 

A 7.3.2 Discussion 

The feasibility of achieving the identities outlined above parallels the feasibility of achieving small-scale 

modelling of river bank erosion. The basic requirements of the model are: 

I) Geometric similarity of the model, requiring that all geometric quantities are scaled according to the 

length scale, including grain size distribution, grain shape, and water table elevation. Also scaled 

according to the length scale are the stress terms present in the Coulomb equation. 

2) Velocity, coefficient of permeability, fluid, hydrograph and scour time scales are all equal to the square 

root of the length scale. 

3) River bed slope, angle of internal friction, hydraulic gradient and all densities are the same in both the 

model and prototype. 
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ie: A =.,1, =.,1, =.,1, =.,1, =.,1, =.,1,.=.,1, 
k,\_ " .\ G' U II C I 

(A 7-9) 

A,. = A, .• = AN = A, = A" =.j):; (A7-10) 

.,1,.=.,1, =.,1, =.,1,=.,1,.=1 .I p p, I ; 
(A7-1l) 

The ability to achieve these scale relations will depend on the situation being modelled. In other words, given 

a particular prototype material and model scale, there will be a limited number of model materials (if any at 

all) which will conform to the above scale relations and thus allow the construction of a dynamically similar 

model. However, the following two situations may allow relaxation of some of the scale relations. 

In coarse grained gravel banks (and/or for flows with a reasonably steady hydrograph) permeability may not 

be such an important factor in controlling bank erosion. This means that the permeability scale relation can be 

relaxed, so long as permeability in the model is sufficiently high for similarity to be retained. 

Similarly, in some gravel banks, because cohesion may be quite low, it may not be a critical factor in 

controlling bank erosion. Thus some relaxation in the cohesion scale relation may be afforded, as long as it is 

sufficiently low in the model to retain similarity. 

It is necessary to achieve equality of the fluid, hydrograph, bed-form, and bank erosion time scales. As 

shown in Appendix II the fluid time scale is the same as that of bed scour. The bed scour time scale can be 

assumed equal to the bank erosion time scale because bed scour is implicitly related to bank erosion. The 

hydrograph time scale will be the same as the fluid time scale. Thus equality of all theoretical time scales is 

achieved. However, achieving the same equality in practice may be a different matter. The correctness of the 

time scales can be checked by comparing with known events. Adjustments may be made to the time scales to 

calibrate model performance with that of the prototype (eg. by increasing the model hydro graph duration its 

time scale is effectively increased). However, these adjustments need to be made within certain bounds' so 

that similarity is not affected. 

The effect of pore water pressure on bank stability is very important. The noticed effect of bank erosion on 

the falling limb of flood hydrographs is due to delayed response of water level in the river bank. This delay 

results in increased bank material bulk weight and positive pore water pressure above the river water surface, 

resulting in instability of the river bank. It is therefore necessary to simulate the rate of response of water in 

the river bank to falling levels in the river in order to achieve similarity in the bank failure mechanism. The 

rate of water response is controlled by the permeability of the bank material, as described in Darcy's Law 

(A7-4). The coefficient of permeability has dimensions of velocity and so it will scale with the velocity scale, 

ie. the square root of the length scale, as shown above. 

As pore water pressure is such an important factor on the erosion process it is imperative that the correct 

initial water table and saturation conditions prevail in the model bank before an experimental run is begun. 
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Capillary rise increases with decreasing soil particle size so that it will be higher in the model than in the 

prototype (instead of scaling down as it should with the model length scale). Capillary rise creates negative 

pore water pressure above the water table, resulting in two opposing effects. Firstly, the total stress below the 

capillary rise layer will be increased due to an increase in the bulk density of the partially saturated soil. The 

hydrostatic pressure in the zone below the water table however is unaffected; the elevation of the water table 

(defined where the water is at atmospheric pressure) is unaffected (Craig, 1987). Thus the effective shear 

stress controlling soil stability will increase by the same amount as the total stress. This increase may exceed 

the shear strength of the model river bank material resulting in premature failure of the bank. 

Secondly, because the partially saturated soil in the capillary rise zone displays an enhanced shear strength 

brought about by negative pore water pressure, and because this zone will extend higher in the model than in 

the prototype, increased stability against failure may result. It is difficult to determine which of these two 

opposing processes will dominate; it may in fact depend on the particular scale and geometry of the model. It 

can however be said that the net effect will be to alter the failure mechanism, thus destroying similarity of 

process and, more than likely, also similarity of erosion rate. 

On the other hand, due to the capillary rise effect it is likely that the model river bank will be at least partially 

saturated over its entire height. If this is the case, it may be possible to select the river bank material based on 

its saturated condition. In other words, to select the model bank material, based on properties scaled down 

from the prototype material, which relate to the model bank material in its saturated condition. 

Climatic factors (which may be very seasonal in intensity) cause weakening and weathering of the river bank 

material and have been identified as important factors influencing bank erosion by Thome (1982). Such 

climatic factors would be practically impossible to directly simulate in the model. However, it may be 

possible to simulate average erosion rates by selecting river bank material properties midway between the 

weathered and unweathered states. The effect of weathering on rapidly eroding river banks, however, may·be 

less important. This is because fresh surfaces are continually being exposed by fluvial action, so that 

weathering of the material is not as important as the erosive characteristics of the river, bank geometry and 

bank material properties. 

It is well known that channel banks of gravel-bed rivers are composed of sediment that is finer grained and 

more cohesive than the bed sediment. This implies the necessity of having bank material in the model which 

is of a finer grade than the bed sediment (within the practicality of acquiring the fine material fraction 

demanded by the length scale relationship). This requirement may cause ripple formation in the model due to 

the presence of the small particles, an effect which will not be displayed in the prototype, thus affecting 

similarity of the erosion process. This effect will vary depending on the coarseness and proportion of fines in 

the prototype bank material, and the scale of the model. However, if the prototype river bank material and/or 

model flume are sufficiently large, it may be possible to select a model scale (based on bank material rather 

than bed material) so that ripple formation does not occur. 
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It has been suggested by Davies (pers. comm.) that the height of a model bank may not be important as long 

as the correct erosion processes are occurring at the bank base. However, this is not necessarily the case as 

erosion of a tall bank will supply greater material to the river at failure than a lower bank, thus resulting in 

slower lateral bank erosion (assuming equality of fluvial entrainment between the two cases). Even though a 

smaller bank is likely to be undercut further before failure occurs (because of the reduced overburden load), 

this will just mean a proportionally larger "step" between sediment supply events, which will not affect the 

overall rate of lateral bank retreat. 

Even if lateral erosion of an artificially shorter bank can be artificially slowed, perhaps by increasing the 

cohesion of the model material (if this would work, and if it could be scaled accurately), similarity will still 

not be attained because of the decreased sediment supply to the river. This could of course be counteracted 

by increasing the bed-load delivered to the flume; the resulting effect on model similarity being dependent on 

the actual prototype processes requiring investigation. 

The seemingly simplest situation in which to model bank erosion would be a rapidly eroding, non-vegetated, 

gravel bank. In situations where (as is the case of many Canterbury rivers) the surface of the gravel bank is 

covered by a relatively thin layer of silt and loess, it may be possible to ignore this layer as it will generally 

not contribute greatly to the process of erosion. The appropriateness of this simplification will of course 

depend on the thickness ofthe layer in comparison to the bank and the scale of the model. 

Both geometric and dynamic similarity requires that where a prototype river bank is composite in form (ie. 

made up of several significantly distinct layers) then the model must also be constructed in the same way 

(retaining similarity of the bulk material properties in each layer) so that similarity of the erosion process will 

be maintained. 

Although dynamic similarity of the entrainment process is likely to be achieved in river banks comprised' of 

gravel, the same may not necessarily be true in river banks comprised of cohesive material. This is because 

entrainment of cohesive material is often by aggregates rather than by individual particles (Thome, 1982). It 

is likely that scaling of these aggregates will be difficult if not impossible to achieve, thus destroying 

similarity in the entrainment process and thus similarity of the overall erosion process. 

Scaling the erosion of cohesive materials is further complicated by the fact that different cohesive materials 

(required to give the scaled down cohesion demanded by the model) erode at different rates depending on 

various properties such as the exchangeable ionic strength, composition, chemical quality of the eroding 

water, sample antecedent water content, rate of sample wetting and various time influences (Grissinger, 

1982). 

Attempting to simulate rIver bank erosion using a distorted model would involve numerous extra 

complications that may jeopardise the achievement of similarity. However the practicality of using distorted 

river models for this purpose will obviously be situation specific; depending on, among other factors, the 

degree of distortion. 
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A7.4. MODELLING EROSION OF VEGETATED RIVER BANKS 

The presence of vegetation can have a marked effect on both the mechanism and rate of surface and lateral 

erosion. The possibility of modelling the effects of vegetation depends on the type of vegetation involved, the 

scale of the model and the specific prototype processes that require modelling. 

In order to accurately model the effects of vegetation on bank erosion it is required to achieve similarity of 

the erosion process, which infers achieving geometric similarity of the vegetation. This is not a matter which 

will be easily achieved. It appears that there are two directions to take in modelling vegetation, either to 

simulate the vegetation using an artificial material, or to employ small plants which have properties similar to 

the scaled prototype vegetation. 

Marsden (1982) attempted to model the effects of flood-plain vegetation on river channel processes. For the 

majority of his experiments he used toothpicks to simulate willow and poplar stake plantings, while in the last 

experiment he used mustard plant to simulate established flood-plain vegetation. Marsden gave no direct 

consideration to achieving dynamic similarity in his models by using theoretically derived scale relationships. 

Although his experiments showed, to some extent, the possible effects of flood plain vegetation on channel 

form, no conclusions could be drawn about the relative effectiveness of the two modelling strategies in 

simulating the prototype processes. 

Marsden considered that to simulate prototype vegetation the model material would: 

1) Be cheap, easily handled and readily available. 

2) Not unduly interfere with the measuring of cross-sections or the taking of overhead photographs. 

3) Allow variation in density of planting. 

4) Have similar physical properties to that of the scaled prototype vegetation. This included having similar 

geometric properties, root system characteristics and degree of flexibility (affects the erosion process 

(Marsden, 1982; Oplatka & Sutherland, 1995)). 

In addition, Marsden foresaw the following difficulties in using small plants to simulate prototype vegetation: 

1) The plant must be able to grow quickly and easily under the conditions of the modelling flume (free 

draining, low soil fertility, dark). 

2) A high labour input to plant a large flume, and a long cumulative time span to grow the plants, would be 

required to run a reasonable number of experiments. 

3) It would be required to run the experiments at the same stage of plant growth (implying similar growth 

conditions) in order to provide reproducible and meaningful results. 

4) It would be required to accurately measure and maintain sowing rates (planting density). 

5) Some difficulty may be encountered in measuring the initial sand bed level as the live growth tends to 

heave soil upward as germination occurs. 
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As suggested by Marsden (1982) and Warburton & Davies (1995), the ability to model river berm 

aggradation due to flood plain vegetation (colmatage) is inhibited by the small size of particles and shallow 

flow depths involved in this process in the prototype. That is, fIrstly, the ability to acquire and use small 

material in the model that is demanded from scaling of the corresponding material in the prototype. 

Secondly, scaling of the shallow flows associated with this phenomenon leads to surface tension effects in the 

model. Thus, dynamically similar modelling of colmatage is unable to be achieved. 

Although colmatage is not directly related to the effects of vegetation on river bank erosion, it is a process in 

the prototype that may assist in slowing the progress of erosion over consecutive floods. 

Prototype vegetation may vary signifIcantly in type and size (eg. tussock, broom, willow, etc.) requiring 

modelling of various sizes of vegetation in the model. However, it is likely that in the majority of prototype 

situations only one or two representative types of vegetation would need to be considered in the model. It 

may be possible to get away with (indeed it may be necessary to do so because of physical, time and fInancial 

constraints) modelling a singular "representative" vegetation type, where the vegetation in the prototype is of 

various types but with similar physical properties. 

The ability to accurately model root systems of prototype vegetation is imperative in achieving similarity of 

the erosion process in the model. The particular size, distribution and networking of root systems in the 

prototype provides the specifIc degree of erosion resistance associated with the prototype system. These root 

characteristics are directly related to the type and stratification of sediment in which the vegetation is growing 

(varying with location), the type of vegetation and its also its age (Oplatka & Sutherland, 1995). 

However, scaling of vegetative root systems in the model is highly unlikely to be achieved with any degree of 

accuracy, except perhaps in large-scale models dealing with large prototype vegetation. For example, Table 

A7-1 below lists various physical statistics of willow poles used in flood control works quoted by Oplatka & 

Sutherland (1995). These have been compared at various model scales on the basis of a 20 x 3 m modelling 

flume. This shows that root diameter is the controlling parameter, limiting modelling to large scales, and 

hence to small areas of the prototype. 

TABLE A 7 -I: Physical statistics of willow poles over various model scales. 

Model Pole Pole Pole Root Root Silt Layer Area of 
Scale Length Diameter Spacing Length Diameter Thickness Prototype 

[cm] [mm] [cm] [cm] [mm] [mm] [mxm] 

1:1 200 75 300 400 5.00 300 20x3 

1:10 20 7.50 30 40 0.50 30 200x30 

1:20 10 3.75 15 20 0.25 15 400x60 

1:50 4 1.50 6 8 0.10 6 1,000x150 

1:100 2 0.75 3 4 0.05 3 2,000x300 

NOTE: Willow pole data from Oplatka & Sutherland (1995). 
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Depending on the prototype situation it may be possible in small scale models to achieve quasi-similitude of 

the effect of vegetation by increasing the cohesion of the surface layer of the model that would contain 

vegetation roots in the prototype. This could be achieved by perhaps spreading a thin layer of lime over the 

model river bank. Such an approach may be valid where only the general effect of vegetation on river bank 

erosion is being investigated in relation to another river process, and as such, complete similarity is not 

required. 

A7.S. CONCLUSIONS 

In conclusion, it may be possible to model river bank erosion, to varying degrees of similarity, under the 

prototype conditions specified above. However, some model experimentation would be needed to qualifY the 

relative importance of the factors mentioned, and how they will vary over different modelling situations. 

Simulating the effects of vegetation on river bank erosion appears to be almost an impossibility, except in 

some very limited situations. 
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