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Physical River Model 
Berm Protection on a Mobile Bed River 

 
 
Summary 
 
A physical model of a representative reach of gravel river bed at a 1 to 50 scale was 
constructed by the Hawke's Bay Regional Council in order to study the effectiveness 
of various berm protection methods. 
 
The study was instigated as part of a major repair programme to strengthen the river 
berms following severe devastation of the existing willow edge protection by the 
insect pest, willow sawfly. It was necessary to critically examine the effectiveness of 
different types of protection through a range of flood flows in order to derive the most 
appropriate form of protection to be implemented in the field. 
 
 
Objective 
 
The objective of the modelling was to assist in the design of remedial works as 
quickly as possible for the reinstatement of flood control works devastated by willow 
sawfly such that a level of risk equivalent to live willow edge protection is achieved at 
minimum cost and in minimum time.    
 
 
Features 
 
The model was an effective tool in determining the effects of different protection 
options as well as being a good educational tool for staff and members of the public. 
Inevitably the model raised other questions that remain unanswered and could be the 
feature of further study in the future. 
 
The protection methods examined to protect the critical outer edge of the active 
channel and berm involved; do-nothing, edge lining, groynes, spur banks, permeable 
groynes or windrows, rope and rail and vegetation layouts. The do-nothing option 
showed very quickly that it was not an option if the aim is to prevent collapse of the 
stopbank and widespread flooding. There is simply no choice but to protect the 
berms from attack by the river. In their current state, devastated by willow sawfly, the 
berms in some critical locations are unable to adequately protect the stopbank. The 
risk to areas outside the stopbank is substantially increased. 
 
Lining the channel edge proved to be ineffective unless carried out on a grand scale, 
which would then be very costly. The use of groynes and windrows or spur banks 
spaced along the berm in the critical areas proved to be the most cost effective, 
along with a new planting regime using some willow and a variety of native and other 
suitable exotic plants. 
 
A feature of the model was the effects of flow convergence at the outside of a bend 
and the resulting bed scour and subsequent lateral bank erosion. This proved difficult 
to control and raised the question of the effectiveness of some existing areas of edge 
protection not currently affected by sawfly damage and not proposed for repair.   
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Solution 
 
The solution is to “buy time” by providing adequate width of berm (accepting that 
some loss of berm is inevitable), controlling flow over the berms and protecting the 
edge of the active channel. 
 
As a result of the physical river modelling the preferred solution in accordance with 
the objective is to strengthen the damaged areas with a combination of live 
vegetation planting and construction of permeable groynes and low spur banks or 
windrows with concrete block groynes at the river end. Three categories of protection 
works are identified giving different degrees of protection. These are: 
 

1. Straight Sections of River.  
Here the effects of a bend on bed scour are absent and the lateral erosion of 
the berm is easier to control. Keeping high velocity flow separate from the low 
velocity flow over the berm is also easier. These sections have low windrows 
of tree debris spaced at 75 metres centres, tied down with wire rope and rails 
that act as a low semi-permeable barrier to flow. Permeable retards are 
placed at the head of each windrow, leading to the river. The upstream edge 
of the windrow is planted with 2 rows of Japanese willows aligned parallel. In 
this category, any existing live willow edge trees are to be used, replanting 
where necessary and use made of slotted trees spaced midway between 
windrows. Behind the edge trees of willow are other tree species of alders, 
poplars, Japanese willow and native trees to form a 40 metre buffer (including 
existing willows where surviving). Chevron plantings extend beyond the 
windrows at 150 metre centres. 
 
2. Moderate Bends 
Moderate bends are less pronounced and the effects are less severe than the 
sharper bends and the section is less subject to the effects of flow 
convergence. This category includes the transition into and out of a sharp 
bend. Windrows of trees or low spur banks at 75 metre sections are required. 
An intermediate rope and rail permeable retard is placed at the mid point 
between the windrows. Planting behind the active edge is similar to    
category 1. 
 
3. Severe Bends 
This category of work applies in the most critical part of bends and is the first 
priority for remedial work.  Windrow trees, tied down and/or spur banks are 
constructed at 75 metre centres with intermediate windrows at mid spacing. 
The outer 25 metre of the windrows or spur banks terminate at the river with a 
substantial concrete groyne constructed of rotated I units and C sections tied 
together. Back planting is similar to the other options.  
 
 Note: In Appendix 1 the repair diagrams assume a band of existing 
vegetation along the channel edge. The severe bend case shows slotted-in 
and anchored back trees.      
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1. Introduction 
 
A 1 to 50 scale model of a river bend with a mobile bed and berm was constructed by 
the Engineering Section and Works Group of the Hawke‟s Bay Regional Council 
(HBRC) assisted by Gary Williams of G & E Williams Consultants Ltd. The purpose 
was to meet the objective of designing remedial works as quickly as possible to 
enable reinstatement of the flood control works in areas severely damaged by willow 
sawfly. This meant determining a suitable method and arrangement of various berm 
protection options.  
 
Berm protection from the erosion forces during a flood event is a necessary part of 
river management in Hawke‟s Bay rivers. The model was a Froude Scale Model 
(FSM) based on an 850 metre reach of the Tutaekuri River. A number of model runs 
were carried out for a range of flow conditions and protection options. From this, a 
design procedure was selected and urgent fieldwork started. This report describes 
the model, the reasons for the model, the make-up and use of the model, the results 
and conclusions.  
   
 
2. Background 
 
2.1. River Control Approach 
 
Historically, due to settlement of the Heretaunga Plains by people, there has been 
the need to control the rivers that cross the plains to avoid the destruction and losses 
that occur when rivers run unchecked. The lower reaches of the three major river 
systems of the Heretaunga Plains Flood Protection Scheme; Tukituki, Ngaruroro and 
Tutaekuri are all modified and confined to flow within a stopbank system. The design 
philosophy is to train the braided gravel-bed rivers into fairways or single thread 
channels thereby creating a more efficient channel with reduced erosion pressures 
on the banks. 
 
Floods in excess of the capacity of the fairway need to be accommodated by 
additional flow areas (berms) and confined in width by stopbanks. The channel width, 
berm width and width between stopbanks require careful design, tempered with 
sound judgement and refined by observation over a period of time.  
 
The design concept involves the fairway taking the high velocity flood flows (and low 
flows) with the berms used to provide storage and with vegetation to slow the flow 
velocities to avoid scour of the berms and ultimately scour of the stopbank and its 
foundations. 
  
To enable this, extensive edge protection planting is carried out along the active 
edge between the fairway and the berm and at specific locations across the berms. 
The planting performs a dual role of protection against erosion and a filtering and 
slowing down of flow. For this purpose HBRC has in the past used willow varieties 
extensively as the most useful and effective means of protection. 
 
The willow buffer zone provides a flexible boundary to the river channel, with erosion 
embayments forming in flood events, and being re-established over time by river 
management efforts.  The willows are especially useful because of their easy 
establishment and fast growth rates, and hence their effectiveness in quickly 
reclaiming eroded areas. 
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2.2. Vegetation Protection Zones 
 
For control purposes the river cross section can be described with three distinct 
planting zones as follows: 

(a) Edge Protection Zone. This area is generally the first 20 to 40 metres of edge 
protection immediately adjacent to the river edge. This zone needs to be of 
sufficient strength and robustness to withstand or absorb direct attack from 
the river, forming a barrier between high velocities in the main river channel 
and low velocities over the berm and discouraging lateral erosion of the 
banks.  

(b) Buffer Zone. This is defined as the area between the edge protection zone 
and the stopbank, or adjoining private property where there are no stopbanks. 
This zone is intended to act as a filter for flood flows by controlling velocities 
to an acceptable level and discouraging any preferential berm flows from 
occurring. These trees also provide an important source of back up material 
for flood damage reinstatement work and for emergency edge protection 
repairs. 

(c) Near Stopbank Zone. This is the area immediately adjacent to the toe of the 
stopbank and usually consists of two or three rows of shrub willow species. 
The intent of this zone is to control water velocities to an acceptable level 
along the river-side of the stopbank face to minimise the risk of erosion to the 
stopbank surface and its foundations, while minimising shading of the grass 
cover of the stopbank.    

    
 
2.3. The Sawfly Problem 
   
Willow sawfly (Nematus Oligospilus) entered New Zealand in 1997 and has 
progressively spread south from its Auckland entry point. The Heretaunga Plains 
were first affected in 1999-2000 and since then severe defoliation of willow trees has 
occurred in the summer months. Willow sawfly spread as a mass infestation resulting 
in the willows being periodically defoliated, with up to three or more defoliations over 
the summer season. Up to 90% of the root mass of the willow is lost due to these 
successive defoliations, leading to the death of the tree. The result is disastrous for 
the flood protection schemes in Hawke‟s Bay, which rely solely on willows for edge 
protection and flow control. 
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Figure 1: Willow sawfly damage to once healthy willows 

 
 
2.4.  Council Resolution 
 
Following a number of Council papers on the sawfly issue and a rapidly worsening 
situation with associated flood risk, Council at its meeting of the Asset Management 
and Biosecurity Committee on 17 February 2005 resolved that: 
 
Staff, in view of the significantly increased risk created by the impact of sawfly 
damage to the edge protection of the Heretaunga Plains Flood Control Scheme, be 
instructed to:  

1. Reconsider the programme of works to accelerate the planned 
remedial works and; 

2. Further consider remedial works that will more quickly reduce the 
level of flooding risk faced by the community for a major flood 
event on the Heretaunga Plains; 

3. Further consider funding options for the required works including 
the use of special targeted rates; 

4. Investigate an insurance claim for the damage incurred; 
5. Seek government funding to help limit the cost of the remedial 

works programme; 
6. Plan a public information campaign on the issue. 
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3. Assessment of Risk 
 
The following discussion is about how the risk of stopbank failure (and ultimately 
flooding of adjacent developed land) was assessed, given that the river berm in many 
areas had degenerated from a fully vegetated, protected system to one that is 
essentially bare ground. 
 
In order to do this some assumptions or simplifications are necessary. The following 
procedure was used. 
 

1. It is assumed that the fully vegetated berm condition is the required standard 
and capable of resisting floods up to a 1% AEP flood with some minor 
damage only. This is a reasonable assumption as it has been based on past 
practice and well proven in several areas. 

 
2. Once the berm has been eroded away at any point back to the stopbank then 

stopbank failure is imminent and widespread flooding will result. This 
condition is fairly obvious; once the stopbank foundations are lost the 
stopbank fails. Flooding consequences have already been mapped and in 
critical locations these are widespread. 

 
3. A measure of the erosive force of the river is calculated as the sediment 

specific discharge qs with units of m3/sec/m. This is based on the width of 
the active channel and taking the width of the active channel as 0.75 times 
the total width of the clear fairway. The value taken for the width of the clear 
fairway can be measured in the field, but using an average value for this 
exercise is not too critical. 

 
4. It is assumed that the river attacks the berm, and carves out either an 

embayment or a channel to eventually reach the stopbank. The actual 
mechanism is complicated but not strictly necessary to know for this exercise. 
What is known from past failures is what the failure path looked like e.g. old 
river channels through the berm. These can be used to obtain dimensions for 
estimating the amount of erosion that has taken place along a given route. 

 
5. To obtain the total sediment discharge Qs from the failure channel multiply the 

sediment specific discharge qs by the assumed width to give the sediment 
discharge rate in m3/sec. 

 
6. The actual total volume removed is the volume of the failure channel L*Z*W 

(length * depth * width). These average dimensions need to be estimated as 
described above. As it turns out these are not too critical in obtaining a result 
so any reasonable estimate is satisfactory. 

 
7. In order to determine how long it will take for a failure channel to be eroded 

away, using the sediment discharge rate, simply divide the eroded volume by 
the sediment discharge rate.  

Volume = (L * Z * W) / (qs * W) 
  =  (L * Z) / qs 
 

8. The above calculation assumes that the erosive force in the main channel is 
the same as that which develops into the embayment or failure channel. This 
is probably not so, but it is a starting point and as will be seen is probably not 
too critical for comparison purposes. 
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Calculations of sediment discharge were carried out for the Tutaekuri and 
Ngaruroro rivers in the critical reaches using the methods of Meyer-Peter and 
Muller and Engelund-Hansen.  
 
To obtain an average sediment discharge rate over the design flood the design 
flood hydrograph was analysed in 6 hour intervals and the average discharge and 
flow depth determined for the time interval. This was then used in the above 
sediment discharge calculations. The Meyer-Peter and Muller method was 
adopted as being the most appropriate. 
 
A range of sediment discharge rates was determined for various Annual 
Exceedance Probabilities (AEP) ranging from 1% to 50%. The time to erode a 
500m long by 2m deep channel was then estimated for the AEP range. These 
values were then plotted on a graph of Risk v‟s Time to Erode. 
 
In order to make a comparison between a vegetated berm and a completely bare 
berm an assumption as to the benefit of the berm vegetation is necessary. This 
bit is very subjective but necessary in order to get a feel for the risk.  
 
The assumption used in this analysis is that the edge protection work and berm 
vegetation is at least worth half a day extra time before any failure over the time 
of the flood event. Observation of river behaviour during flood events and the 
effect on vegetation indicates that this assumption is very conservative. 
 
The first plot was then delayed by 0.5 day and superimposed on the graph to give 
the following plot. 
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 Figure 2: Risk v’s Time for stopbank to fail 
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The graph shown is for the Tutaekuri River, a similar graph was produced for the 
Ngaruroro River.  
 
The example shown is for a 2% AEP (50 year return period) flood on the vertical „risk‟ 
axis taking 2.1 days with full berm protection. This risk increases to a 10% AEP (10 
year return period) flood causing the same erosion for a non-vegetated or raw berm.  
 
Clearly the risk assessment as outlined relies on assumptions, but it is considered 
that those made are all reasonable. The most significant is the value given to the 
effect of the fully vegetated berm on delaying the erosion process. If the effect was 
increased from 0.5 day to 1 day for example, then the risk due to the loss of 
vegetation rises significantly. 
 
The point to be made out of this assessment is that is vitally important to have a 
sufficient width of berm and have it well protected by vegetation or other hard 
protection means. It is not sufficient to leave berms in a raw state.    
 
Note: 
In the early model runs with no edge protection works modelled, an embayment that 
was the full width of the berm (35 metres in the field) by about 200 metres long was 
formed in less than12 hours (prototype or field time). For an embayment in the field 
of say 500 metres long this would suggest a time of about 30 hours.  
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4. Physical Model Construction 
 
As part of the design process to enable selection of appropriate remedial works it 
was decided that a physical river model with a mobile bed and berm would be an 
effective and reliable method to determine the relative merits of a range of protection 
options. In addition the model was a useful tool to demonstrate to Council and 
community the problems faced and the effectiveness of the solutions proposed. From 
this viewpoint alone the model was successful with much interest from staff, the 
community and the media. 
 
4.1. Model Layout 
 
Due to size limitations and the desire to use an existing shed at the HBRC Works 
depot, the model was based around the Tutaekuri River (see later for dimensional 
analysis). The 1 to 50 scale model was thus 17 metres long with a 135 degree bend 
at the 7 metre point (inside the bend) and 3.6 metres wide. (See Appendix for the 
model plan).  
 

 

Figure 3: Model pre-sand bed 

 
These model dimensions represent in the prototype a river reach length of 850 
metres and a width of 180 metres. The model was constructed with the plywood base 
750 mm from the floor with 300 mm high sides. The decision to raise the bed of the 
model off the floor rather than use the more common on the floor location was 
primarily to allow for gravity flow and recirculation of the water supply. It had a nice 
benefit in that working heights were ideal making reconstruction of the protection 
works easy to do and observation of what was happening easy to see. The 135 
degree bend was chosen to represent a moderately tight bend in the river and to 
ensure that the model meander occurred at the same place for each run to enable 
comparisons to be made. The inflow to the model was also contained to one side and 
this gave the same entry flow conditions for all runs. 

Vee notch 

weir 

Flow 
 

135 Degrees 
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4.2. Water Supply System 
 
Water supply for the model was based on a re-circulating system starting with a 
buried reservoir (aluminium truck deck, 14,000 litres) with sufficient capacity to start 
the model and allow flow back to the tank. Water was pumped from the tank using a 
combination of electric submersible pumps and a tractor mounted mobile pump (See 
Figure 4). The aim was to have variable flow up to 120 litres per second against a 
system head of 3.9 metres. In practice the electric pumps proved to be inadequate 
and the mobile pump very good in delivering the required flow once a sequence of 
operation was sorted out. Coarse control of the flow was by controlling tractor revs 
and fine control was by use of a valve that spilled water from a header tank back to 
the reservoir. (See Figure 5). Flow from the header tank to the model passed through 
a screen to reduce the tendency to produce waves at the start of the model.  
   

 

Figure 4: Mobile pump and reservoir (weighted down to stop flotation) 

Pump is a Doda (Ing. Gazzina) GP 350 
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Figure 5: Header tank with control valve on left, model intake on right 

 
 
 

 

Figure 6: Outlet and flow measurement 

 

Vee notch weir 

Automatic water-level 
recorder 
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4.3. Flow Measurement 
 
Flow through the model was measured at a sharp crested 90 degrees Vee notch weir 
using a 2mm stainless steel plate. The following constants were used: 
 
 Depth of notch above base    = 0.492 m 
 Discharge coefficient    = 0.5779  
 
The head / discharge curve was determined using the Kindsvater-Shen equation, 
with the measurement of head, h taken at 1.4 metres upstream.  
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Figure 7: Stage-Discharge curve for V weir 

 
Water level measurements were recorded automatically using standard telemetry 
instrumentation, converted to discharge hydrographs and stored on Council‟s 
computer database. 
 
4.4. Bed and Berm Material 
 
Graded sand was used to model the river gravel (D50 = 20 mm). Selecting an 
appropriate sand grading and being able to obtain it in sufficient quantities was one 
of the more difficult parts of setting-up and running the model. For exact dimensional 
similarity the sand D50 is 0.4mm (medium sand). Two grading curves were developed 
to give an upper and lower bound of acceptable gradings (refer Figure 5). This 
grading was changed after initial runs to a coarser sand to overcome problems with 
unrealistic bed forms. This is discussed later. 
 
In order to provide more rapid drainage of the sand bed and berms after a model run 
a 25mm geotextile drainage layer (Stripdrain 80) was laid under the sand layer. After 
initial filling and during the running of the model, water was prevented from flowing 
under the sand through the Stripdrain by blocking the end. Removal of the blockage 
allowed rapid drainage of the sand and the ability to rework the model and prepare 
for the next run within about an hour. 
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Figure 8: Particle Size Distribution at start and as changed for later runs. 

 
4.5. Berm and Edge Protection Devices 
 
Initial costing of proposed remedial works was based around the possibility of 
needing „hard engineering‟ works along the active edge of the river in critical 
locations on the outside of bends as identified from field investigation. For this 
costing purpose Concrete Rotated I units (CRI‟s) weighing 8 tons were used. 
However before any construction and placement it was obviously important to 
determine how effective they would be. This was a task not readily achievable by 
computer modelling or hand calculation. Other means of protection also needed to be 
critically examined.  
 

(a) Concrete Rotated I  (CRI) 
Model dimensions of these 
were 50mm high; 20mm 
stem width and 40mm along 
the top and bottom sections. 
The units were constructed 
of grout and used either as 
single layers or interlocked. 
Provision was also made to 
tie the units together. Many 
different arrangements were 
tried; tiers, interlocked and 
mixed with other units and 
limestone rock. 

Concrete Rotated I’s 

Distribution as 
calculated for initial 
runs 

 

Distribution as 
measured for final 
runs 
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(b) Other Concrete Units (C’s and H’s) 

A selection of flat units, in a C and H shape were also fabricated and tested. 
These were arranged flat along the bank and interlocked with other units. 
 

(c) Limestone Rock 
A rock grading based on a prototype average velocity of 3.9 m/sec and an 
average depth of 4.4 metres was determined giving the following model 
equivalents: 
  10% at 25.0 mm mean dia. 
  20% at 21.8 mm 
  50% at 15.8 mm 
  20% at 10.4 mm 
   

(d) A-Jacks 
A-Jacks are a patented 
concrete erosion control 
system by Armotec. They 
have various uses for 
coastal and open channel 
erosion control and have 
been tested in model 
studies carried out by 
Oregon State University. 
For our purpose a prototype 
size of 280 kg was selected 
and modelled using a 
geometrically similar aluminium section. Aluminium and concrete have a 
similar density, with aluminium being slightly denser. The unique interlocking 
feature results in the A-Jacks being much more stable than stone. 
 

(e)  Rope and Rail permeable groyne 
In the past, extensive use 
has been made of rope and 
rail arranged as a low 
permeable groyne to help 
stabilise problem areas and 
these have proved to be 
very effective in the field. 
Scaled rope and rail was 
used in the model as used 
in the field as well as trials 
of different configurations. 
 

(f) Vegetation and Roughness Elements 
Wooden skewers (2mm) were used as a roughness element on the berms 
and bank to represent trees creating a filter zone and slowing the flow. (See 
Figure 13). They were also arranged close spaced in lines to represent 
permeable groynes. (See Figure 16). Live vegetation from an ornamental 
macrocarpa tree was used to line the channel edge acting as edge protection 
in a similar manner to the prototype. In later runs tree debris was tied together 
and arranged either as edge protection or as a low semi-permeable retard 
across the berm. 
 

Many combinations of the above were trialled in the model. 

Rope & Rail 

 A-Jacks 
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5. Prototype Design Parameters 
 
5.1. River Characteristics 
 
Due to time constraints and the need to carry out urgent work to provide protection to 
the stopbank system thereby reducing the current risk, some simplifying assumptions 
relating to the prototype to be modelled needed to be made. The first was that the 
lower reaches of the Ngaruroro River and the Tutaekuri River both had similar 
characteristics and could be modelled the same. That is the results from the model 
could be properly applied to either river. Furthermore, the results could be extended 
to the Tukituki River.  
The first assumption is realistic given similar grades, bed material and specific 
discharges. The assumption regarding the Tukituki River should really be tested by 
modelling, and it was intended to test this river with a least a 1 to 100 scale model. 
However there were clear observations noted in the 1 to 50 scale model of the 
Tutaekuri River that provided a very good insight to the likely problems and the steps 
needed to be taken to mitigate the problems. 
 
5.2. Tutaekuri River: Prototype  
 
The chosen section to represent a typical high-risk area was the reach upstream of 
the Puketapu Bridge, cross sections 43 to 49. The right bank of this reach has a 
severe risk profile for sawfly damage. 
 
For this reach: 
 

The bed slope So   = 0.00265 
The design fairway   = 180 metres 
Berm width   = 80 metres 
Width between stopbanks  = 300 metres (varies) 
 
From flood gauging and modelling Manning n  = 0.04 channel 
         = 0.10 berm 
Average „n‟ taken across the cross section  = 0.044          

 
Gravel bed material, Tutaekuri River 

 Cross section D50 mm D75 mm D90 mm 

Armour 43 40 55  

 54 30 50  

Whole of Bed 29 10 25 40 

 54 10 25 45 

 
For the purpose of developing a sand grading for the model a D50 of 20 mm was 
used.  
 
The flood frequency analysis of the 1% AEP discharge for the Tutaekuri was  
Q100 = 2100 m3/sec (refer Ngaruroro River Scheme, Investigation and Review, 1987).  
Prior to construction works resulting from the Ngaruroro investigation, both the 
Ngaruroro and the Tutaekuri Rivers were re-assessed for design capacity. The 
current design discharge for stopbank and river capacity purposes on the Tutaekuri 
River is an upper bound approach and is based on a higher discharge of 3000 
m3/sec. The value of 2100 m3/sec, was used in the prototype channel simplification 
study. 
The mean depth based on the mean bed level of XS46 for Q100 is 3.6 metres. 
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5.3. Prototype Schematization 
 
As there were many model layouts to be run it was seen as desirable to have a 
common starting point for each run. Making a standard profile and repeating it at 
each model cross-section location achieved this. The standard profile was based on 
the specific discharge of the prototype. Due to model plan size constraints (and the 
desirability of achieving at least a 1 to 50 scale model) it was necessary to model 
only one berm, the outer berm, in this case the right bank. Similarly being able to 
reproduce the peak design flow was a consideration, with the lower bound being the 
2100 m3/sec from the flood frequency analysis. The simplifications allowed the 
modelling to be carried out within the available pumping capacity. 
 
Away from the channel banks the flow velocity varies in the Y direction (vertical 
direction) but relatively little in the X direction (along the length of the river). The flow 
is therefore practically two-dimensional and can be represented as a “sample”. Thus 
it is unnecessary to reproduce the whole flow. This enables economies in model 
construction to be made without unduly affecting results. 
 
In the table below the 180 metre main channel shows the simplified prototype 
dimensions and the 140 metre main channel are the simplified main channel 
dimensions that result in the same specific discharge. This is the design prototype 
that enabled a reduced model size at 1 to 50 scale and easy reproduction of the start 
conditions for each model run. 
 

TUTAEKURI: PROTOTYPE (Simplified)

180 Main Channel 140 Main Channel

Berm Berm Channel Berm Berm Channel

Slope 0.00265 0.00265 0.00265 Slope 0.00265 0.00265 0.00265

Width 60 60 180 Width 17.5 17.5 140

bank depth 1.8 1.8 1.8 bank depth 1.8 1.8 1.8

Total depth 3.6 3.6 3.6 Total depth 3.6 3.6 3.6

Manning 0.1 0.1 0.04 Manning 0.1 0.1 0.04

Area 108 108 648 Area 31.5 31.5 504

Wetted P 61.8 61.8 183.6 Wetted P 19.3 19.3 143.6

Hyd Rad 1.75 1.75 3.53 Hyd Rad 1.63 1.63 3.51

Q 80.7 80.7 1933.2 Q 22.5 22.5 1498.0

q (per unit w) 1.3 1.3 10.7 1.3 1.3 10.7

V 0.747 0.747 2.983 V 0.714 0.714 2.972

Mean V 2.424 Total Q 2095 Mean V 2.721 Total Q 1543

Vel Coeff 1.87 Vel Coeff 1.31

Design channel to achieve approx Design channel, reduced width and Q

2100 cumecs based on simplified existing to achieve a similar specific discharge

channel dimensions. in the main channel.
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6. Model Dimensions 
 
6.1. Model Dimensional analysis 
 
A main channel width of 140 metres was adopted, with a berm width of 35 metres on 
the right bank only. 
From these dimensions the dimensional analysis is summarised as 
 

Model analysis        

        

   PROTOTYPE SCALE  MODEL  

        

Width, x B m 140 0.02000 Xr 2.80  

Depth, y y m 3.6 0.02000 Yr 0.072  

Bank Height  m 1.8 0.02000  0.036  

Discharge  Q m3/s 1500 5.65685E-05  0.085  

Mean Flow Velocity u m/s 2.97 0.14142  0.42  

Surface Roughness ks m 0.02 N/A  0.0020 
1
 

Grain Size  D m 0.02 0.02  0.0004  

Slope So  0.00265 1.000  0.00265  

Gravity  g m/s2 9.81   9.81  

Friction Velocity U
*
  0.3059   0.0433  

Density of water p kg/m3 1000   1000  

Viscosity µ Ns/m2 1.14E-03   1.14E-03  

Modified Reynolds Number R
*
  5367 0.002828  76  

Hydraulic Radius R  m 3.51 0.02000  0.07  

Time T hrs 24 0.1414  3.39  

Manning Roughness n  0.04 0.52  0.021  

Specific Discharge qs m3/s/m 10.7 0.002828  0.030  

        

Froude Number Fr  0.250   0.250  

        

Reynolds No (ave vel)   9.39E+06 0.002828  26547  

Shields, min stable particle D  0.102 0.02000  0.0020  

Critical Shear Stress   91.2   1.82  

        
1 
Prototype to model roughness distorted scale.     

Modified Reynolds Number R
*
 >70 for turbulent flow     

 
 
Note that the Froude number is low indicating that the gravitational effects are not 
pronounced meaning that small changes to the channel section do not result in 
significant changes to the water level. 
 
6.2. Discussion of Mobile Bed Model  
 
It is important to remember that a model really only demonstrates the effect of 
making changes aimed at trying to solve a particular problem. Engineering design 
and knowledge is still necessary to determine what changes are appropriate for the 
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particular situation. Model results then need to be carefully interpreted so that a 
solution can be arrived at for the prototype that is workable and valid. Clearly the 
more reliable the model the easier it is to interpret the results. 
 
Introducing morphological processes into a scale model makes it more complex. It is 
necessary to reproduce both water and sediment movement at the same time. Free 
surface flows are controlled by momentum, shear and gravity forces. Ideally every 
variable in the model should be perfectly scaled to match the prototype. 
Unfortunately this is not so easy to achieve. For example scaling of both the Froude 
number and the Reynolds number cannot be achieved unless some form of distorted 
vertical to horizontal scale is introduced and/or the modelling liquid is something 
other than water or the bed material is of different density than the prototype. This is 
usually difficult to achieve in practice and avoided where possible. 
  
In this model Froude number similarity is achieved but the Reynolds number is not. 
However the problem can be overcome by consideration of the nature of the flow. In 
a channel the frictional resistance is a function of the viscosity of the liquid for laminar 
and transitional turbulent flows. Reynolds number is also a function of the viscosity of 
the liquid. As long as the flow is in the completely turbulent zone, represented by a 
sufficiently high Reynolds number then resistance is independent of viscosity. 
Shields work on the shear stress / Reynolds number relationship (Shields‟ Diagram) 
provides some insight to this. Shields argued that the Reynolds number should relate 
to the conditions of the grain rather than to the general flow. 
 
Thus Reynolds number,   Re* = ρu*D/μ   
 
Where the friction velocity u*  = (τ/ρ)0.5  = (gRSo)

0.5 

 
 D = typical particle size (also taken as the surface roughness ks) 
 τ  = shear stress on bed 
 μ = dynamic viscosity  
 ρ  = density of water 
 g  = gravitational acceleration 
 R  = hydraulic radius 
 So = bed slope 
 
In the model analysis above, the modified Reynolds number is shown as 76 for the 
model. This is achieved with a surface roughness value ks = 2 mm (0.002 m). From 
this the indications are that the model bed-grading curve should be made up of 
coarser sand than that indicated from a direct dimensional similarity with the 
prototype. 
 
At present there is no agreement over an appropriate value of Reynolds number to 
describe the completely turbulent condition. In the paper “Physical Modelling in 
Fluvial Geomorphology: Principles, Applications and Unresolved Issues” by Peakall, 
Ashworth and Best (Symposium in Geomorphology, 1996) the authors note Re* 
values from 350 to 15, with 70 being a value more recently adopted. However Jaeggi 
(1986) advocates that a minimum value that can be used is 5 since ripple formation 
occurs with lower grain Reynolds number. However Jaeggi also notes that Re* 
values in the transitional zone (from laminar to turbulent, before a constant shear 
stress is reached) incorrectly reproduce the initial sediment entrainment conditions. 
 
For the above model conditions, values for ks can be determined. 

ks (mm) 0.10 0.15 0.50 1 2 2.5 

Re* 4 5 19 38 76 95 
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From this a particle size grading ranging from say 0.15mm to 2.5mm should provide 
a turbulent condition at the design flow state. The model sand bed grading was 
changed after earlier runs to a coarser sand (refer to Figure 8), which helped to 
overcome the exaggerated bed forms that were present initially.   
 
To be certain of correct interpretation of the mobile bed model, calibration is 
necessary which requires good prototype data. Unfortunately, in this investigation 
prototype data is limited and instead reliance has been made on experience and 
observation of field conditions. Likewise verification was not possible because no 
field measurements for the particular problem of bed scour and lateral scour have 
been carried out. The sawfly problem and its effects and the need to act now have 
not permitted the luxury of time to measure a range of floods at critical locations; 
assuming that scour can be easily measured in the first instance, which it can not.  
 
Calibration and verification are usually essential ingredients of a successful model, 
although this is not always the case. Where geometry is the dominating feature of a 
model (e.g. a weir or similar structure) there is ample information both theoretical and 
modelled to use as a guide. Ideally then more research is required for this model 
particularly in the area of verification.  
 
Meanwhile, calibration consisted of adjustment of the channel bed slope and altering 
the sand grading to achieve realistic bed forms and consistent flow meander patterns 
that were geometrically representative of the prototype (i.e. field conditions).  
 
It is highly likely that model berm conditions were more severe than the prototype as 
the various silt/gravel/sand layers and vegetative cover of grass and weeds could not 
be replicated in the model.  
 
An aspect of the greater severity of the berm conditions was that groundwater levels 
in the model rose far too fast, leaving the berm in a fluid state. Likewise the berm 
experienced rapid drawdown on the recession. The model berm was thus a 
challenge to hold together during the model runs, although it also provided a clear 
indicator of when protection works were inadequate. The result is a degree of 
conservativeness in the berm modelling, which is not a bad thing in this case 
because if we can demonstrate effective berm protection in very poor ground 
conditions then better ground conditions should result in better protection.      
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7. Discharge 
 
The procedure was to run the model with different berm layouts and strengthening 
work using a scaled discharge hydrograph. This was based on the design 
hydrograph for the Tutaekuri River and scaled for the model. The actual shape of the 
hydrograph for each run varied due to the pump operating procedure employed. This 
is not considered to be of concern. The actual shape was recorded for each run and 
stored in Council‟s telemetry database. 

Prototype Discharge Hydrograph
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Figure 9: Prototype Discharge Hydrograph, schematized. (Discharge in m
3
/s) 

 

Model Discharge

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

2:00 2:30 3:00 3:30 4:00 4:30 5:00 5:30 6:00 6:30 7:00

Time

D
is

c
h

a
rg

e

 

Figure 10: Model Discharge Hydrograph. (Discharge in m
3
/s) 

 
In practice the model was run for different times (refer later) to represent smaller and 
longer low level floods as well as the larger peak flows.  
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8. Sand Movement Through the Model 
 
Provision was made at the header tank to supply additional sand to the model during 
the running of the model to replicate prototype (i.e. field) conditions. An attempt was 
made to determine how this might be applied to the model. 
 
Initial estimates of the sediment transported were based on a peak of 2 m3/sec of bed 
load sediment at a flow of 2200 m3/sec and an average of 1 m3/sec over the time 
period.  
 
The condition for similarity in sediment transport is 
  
  ns = (nD

3 x nb)
0.5 

 
Where   ns  = unit sediment transport ratio 
  nD  = grain size ratio (0.02 here) 
  nb = submerged density ratio (1.0 here) 
 
This reverts to ns = nD 

1.5  =  0.00283  
 
For the prototype the average transport rate per metre width is 
 
  sp = 1.0/180 = 0.0056 m3/sec/m 
 
For the model sm = 0.0056 x 0.00283 =  1.57 x 10-5 m3/sec/m 
 
This rate per metre width was then used as a basis for the supply of sand to be used 
during the running of the model. 
The model sand supply was based on a scaled flow hydrograph (as a “sand” 
hydrograph) which gave a peak model sand transport rate of 0.078 x 10-3 m3/sec. 
(average 0.058 x 10-3 m3/sec) 
 
From this the total volume under the hydrograph representing the total design sand 
transported in the model was 0.560 m3 over the 3.39 hours model run time. 
 
During the running of the model it proved more advantageous to allow extra sand in 
the upper reach of the model at the start of each run and accept the scour hole that 
formed. Information from this reach of the model was not relevant to further down at 
the critical reach and thus could be sacrificed. The transported sand was collected at 
the end of each run and its volume was measured. 
 
Amounts varied depending on the length of time the model was run.  The base of the 
sand collector had an area of 4 m2. The sand was levelled after water drained and 
the depth measured. For the design model hydrograph depths were typically 0.1 to 
0.12 metre, yielding 0.4 to 0.48 m3. Very fine sediment was not measured and 
caused water discolouration. Periodically fresh water was added to the model and 
the dirty water discarded. 
 
The difference between the total sediment volumes (0.48 m3 to 0.56 m3) is not 
significant, the important thing is the order of magnitude is correct. 
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9. Model Results 
 
9.1. General 
 
In total 28 model runs were carried out over the period the model was operational. 
These are summarised in Appendix 2. On some runs use was made of the channel 
formed from the previous run to be used as the starting conditions of the next run. 
This did not appear to affect the effectiveness of a particular strengthening method. 
Pre-conditions are an important part of the testing as they affect the sediment 
transport and scour processes. 
 
The appendix summarises the details of the various model runs, the layout, failures 
and comments. As well as written notes, a photographic record using digital 
photography was made of each run and a time-lapse video from a fixed location also 
recorded the event. 
 
It needs to be emphasised that the modelling was to a large extent qualitative as 
opposed to quantitative. Time constraints largely determined this. Effectively the 
procedure was to get the model running so that it was performing consistently and 
conforming to the prototype behaviour. Next, various berm protection elements were 
added and the knowledge gained from each run was used to assist in making 
subsequent improvements. A full range of berm protection options was trialled, from 
minimal to full protection.  
 
Although full protection could be demonstrated in the model to be effective, the cost 
and difficulty of achieving the protection in the field was a matter of concern. In 
practical terms any berm protection needed to perform in a manner that gave 
immediate protection (due to the ravages of the sawfly), possibly with some loss of 
berm and be adequate protection to allow the establishment of a new planting regime 
that would provide the long-term defence. Thus the works are designed to perform 
the dual role of initially short-term protection of bare or semi bare land to later, 
providing assistance to mature vegetation against severe attack from the river on the 
outside of bends during major flood events. 
 
9.2. Measurements 
 
As indicated above the modelling was largely qualitative although throughout the 
modelling various measurements were obtained primarily as a gross check on the 
“trueness” of the modelling to reality. Measurements (apart from photography) 
included: 

 Model bed cross sections before and after a particular run 

 Flow, recorded as a discharge / time graph (hydrograph) 

 Volume of sand transported through the model  

 Some peak flow velocities 

 Scour depth below flood level 

 Some peak water surface slopes 

 Super-elevation of the bend 
 
9.3. Bed Scour 
 
Sediment transport occurred across the model bed once flow started and was 
observed as movement of very fine sediment entrained in the flow and the rolling and 
jumping of random sand particles. Due to the construction of the sand bed, starting 
with a regular cross section profile (that was repeated for many of the runs) the sand 
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particles were well mixed. Replication of the prototype bed with layering and 
armouring was therefore not achieved at start-up, (similar to the berm conditions 
noted above). This is not considered to be of significance in determining the 
performance of the protection works being examined. 
 
Bed scour on the outside of the bend occurred and increased as the discharge 
increased. This progressed further and got deeper during the recession as the beach 
on left bank opposite continued to build up and expand. This in turn put pressure on 
the right bank, destabilising it with the resulting lateral erosion of the right bank (or 
berm). See Figure 11. 
 

 

Figure 11: View with formation of beach on left and erosion of right berm   

Coincident with the recession and with the establishment of the beach on the left 
berm was a relatively rapid movement of a tongue of sediment, splitting the flow into 
a left and right channel. Eventually the right channel was closed off by the action of 
the sediment moving laterally to the outside of the bend, resulting in the creation of a 
backwater.    
 

  

Figure 12 Scour Depth. (Model depth = 70mm, prototype depth = 3.5m) 

70 mm 
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Bed scour depth at the bend was measured at the deepest point and is cause for 
concern in the prototype (field). Measurements for maximum scour depth (measured 
from the water level) were reasonably consistently between 120 to 150 mm. Some 
earlier runs on the finer sand were up to 170 mm. These results indicate prototype 
scour depths of 6 m to 7.5 m below flood depth, which has significance for lateral 
scour of the bank and reduction in berm width and integrity. 
 
The prototype dimensions were input into two common general scour equations for 
comparison purposes. The first was from the NZR paper by Holmes (Analysis and 
prediction of scour at railway bridges in New Zealand, Nov. 1974). This paper 
summarises past scour failures of New Zealand bridges and derives a method of 
predicting the extent of scour based on the data collected, for use in bridge design 
and analysis. The paper describes local scour and general scour and for this purpose 
it is the general scour equations that are used. 
 
The general scour equation is represented by a hybrid Froude number based on the 
average upstream water depth and the maximum approach velocity. There is also a 
coefficient to be used when convergent flows are present. This is relevant to this 
study as it was clear in the modelling that below the confluence of the two flows was 
the maximum scour and lateral erosion. The general scour depth (below flood level) 
is calculated as:  
 

        
Another formula for general scour depth is the Maza and Echavarria formula. 
This gives; 
 

 
The above results can really only be considered a guide. They were developed 
around scour at bridge sites and not scour at bends. There is also difficulty in 
determining the flood rise and flood depth from the various river cross sections that 
exist in the prototype. The above values are simplified and based on the prototype 

SCOUR DEPTHS

General Scour (NZ Railways)

Design Flow Q m3/s = 2100

Width of water surface W m = 180

Waterway area A m2 = 648

Mean diameter of bed material d m = 0.02

Water rise from low to flood Yr m = 3.3

Flood depth, FL to lowest Bed L Yo m = 4.20

Mean depth of bed below FL Dm m = 3.60

Converging Flows Factor C = 1.2

Approach Velocity Vo m/s = 4.31

Factor (max = 1.0) K = 0.902

Depth of General Scour Ds m = 6.8

Scour below mean bed level Ds-Yo m = 2.56

Maza and Echavarria

Depth of General Scour Ds m = 5.40

Scour below mean bed level Ds-Yo m = 1.20
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cross section discussed previously. However there is very good agreement between 
the model results and these scour calculations. 
 
Even taking the scour depth values as a general guide only, there is cause for 
concern about lateral bank stability and hence loss of berm in these critical locations. 
It means that irrespective of the sawfly damage, there are specific locations that 
would fail in any case with only willow tree planting for protection. The willow root 
system is not sufficiently deep to anchor the bank in place when subject to scour of 
the depth indicated in the model. Hence the use of wide buffer zones and the 
ongoing re-instatement of erosion embayments. Losses are inevitable, but the 
approach still works as the flood event and hence erosion, is short term. There are 
long periods between the larger floods to reinstate.  
 
There is a point to consider however. The model berm and bed were formed from 
well-mixed sand grains and the berm in particular was loosely compacted and fully 
saturated for most of the run time; a state that is unlikely in reality. The model berm 
was thus conservatively modelled. This did not affect the modelling of the bed scour 
and the processes that generated deep holes beside the channel bank.  
 
9.4. Water surface slope 
 
Peak water levels were recorded during Run 5. This run had substantial edge 
protection in place as well as spur banks spaced across the berm. The bed gradient 
was set out at S0 = 0.004. Peak flow was 86 litres/sec. 
 

Water Surface Slopes Sf  Run 5 

 Below Bend (XS5 to XS9) Average (XS3 to XS9) 

Right Bank  0.0039 0.0042 

Left Bank 0.0047 0.0075 

 
Peak water levels were also measured for Run 28. The bed gradient was set out at 
So = 0.00265 and peak flow was 91 litres/sec. 
 

Water Surface Slopes Sf  Run 28 

 Above Bend (XS 3 
to 5) 

Below Bend (XS5 to 
XS10) 

Average (XS3 to 
XS10) 

Right Bank  0.0026 0.0049 0.0043 

Left Bank 0.0095 0.0037 0.0049 

 
 
The inside of the bend (left bank) could be expected to be steeper than the average 
grade as its distance is significantly less, but this is complicated by the bend effects 
and secondary flow patterns. Effectively the velocity decreases and the height of the 
water surface increases from the inner to the outer bank. Given the tendency for the 
outer water surface level to be raised the expectation would be that the slope below 
the bend would be steeper than above with the trend reversing on the inner bend. 
Run 28 shows this tendency. Insufficient recordings were made for Run 5.  
However, caution is required about reading much more into these levels due not only 
to water level reading errors but also the effects on the flow of the various edge and 
berm protection in the model. Effective protection works with low berm velocities will 
elevate the berm water levels.  
It is considered that these measured slopes are a reasonable indication that the bed 
forms are not causing a distortion of the design slope and thus the sand grading for 
the model is satisfactory. As noted elsewhere, the bed slope was So = 0.004 in earlier 
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runs later reduced along with adding a coarser sand mixture to the model to So = 
0.00265. The results for these earlier runs are never the less indicative of steeper 
slopes and can be used to indicate behaviour in Hawke‟s Bay rivers of a similar 
steepness and sediment size.   
 
 
 
9.5. Super-elevation at the bend 
 
The super-elevation or banking of the flow as it travels around the 135-degree bend 
was measured during Run 25 with a peak flow of 110 litres/sec. (This is a model 
specific discharge of 0.039 cumecs per metre or a river discharge equivalent to 2500 
cumecs). The difference in level between the outside of the bend and the inside was 
18 mm in the model or 0.9 metres in the prototype. At first sight this appears to be a 
large amount when translated into prototype dimensions. Some of this could be 
accounted for by the difficulty in measuring the cross slope. 
 
If the cross slope is determined by equating the gravity component along the cross 
slope to the centrifugal force based on the radius, r, of the curve and the velocity, V, 
the slope is 
  Sc = V2 / (g x r) 
 
Here,  V = 0.42 m/sec (from the schematised model) 
 g = 9.81 m/s2  
 r = 3.6 m (taken as model width and = 180 m prototype) 
 
This gives Sc = 5 x 10-3 
 
Which when multiplied by the channel width, gives the vertical rise = 18 mm. This is 
remarkably the same as that measured. However the choice of appropriate curve 
radius is not obvious and in this case where the curve radius is taken as the channel 
width, the super-elevation is simply = V2 / g. The radius to width ratio is typically 2 to 
3 but the ratio has been found to be as small as 1.5 according to Henderson. 
(Henderson, Open Channel Flow, 1966). 
  
Without more work in this area it is probably sufficient just to note that super-
elevation can be significant and river designers should allow for such by means of 
increased freeboard on stopbanks on a sharp bend, for example.  
 
Super-elevation was also measured on Run 28 and this gave 17mm for a peak 
model discharge of 91 litres/sec. 
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10. Specific Model Runs, Discussion  
 
A total of 28 model runs were carried out to arrive at and test a solution to mitigate 
the effects of the sawfly damage. These are outlined in Appendix 2. Not all the runs 
are worthy of further comment here, not because they were a wasted effort, but 
because subsequent runs were more successful, gave more consistent results and 
were considered to be indicating a workable solution. 
 
The following sections describe selected model runs with comment on various 
aspects and features evident during the running of the models. 
 
10.1. Runs 1 to 4 
 
These were bedding-in runs where the bed slope was steepened from S0 = 0.00265 
to 0.004 to overcome initial exaggerated bed forms. Even at this stage it was 
apparent that isolated Concrete Rotated I‟s (CRI‟s) aligned along the bank were not 
going to be successful in preventing or controlling lateral bank erosion. Once bed 
scour reached the founding depth the units were easily displaced and dropped into 
the scour holes. Alternatively they were easily overturned by the flow and rapidly 
rolled down the channel and out of the model. This occurred at flows less than the 
peak flow. 
 

 

Figure 13: Run 4 during recession. 

A trial section of graded limestone rock was placed in the bank above the critical 
section of the model. A feature here was that rock that was carefully placed 
performed noticeably better than rock that was dumped. In fact placed rock in the 
less severe locations was capable of lasting several runs. The fact that the placed 
rock performed better than dumped rock should come as no surprise to river 
engineers, but it is good to have the matter confirmed. 
 

Limestone rockwork 



 30 

Rockwork was a poor performer in the critical location. It quickly became undermined 
and the interlocking broke up resulting in the rocks rapidly travelling downstream and 
out of the model.  
 
10.2. Runs 5 to 8  
 
Each run was now forming a similar pattern of flow, with a split channel in the upper 
reach converging just downstream of the bend to put extreme pressure on the outer 
bend for a length before swinging back towards the left bank then exiting the model. 
A beach built up on the left bank immediately below the bend effectively forcing the 
flow against the right bank. This critical area could be reasonably consistently 
reproduced in each run. This enabled protection works to be confidently placed in 
this area and know that they would be fully tested.  
 
Run 7 was the start of the re-graded sand bed model runs. The resulting bed forms 
were considered a big improvement on the earlier runs. Several options of edge 
protection were tried in these runs. 
 
The following figures show the flow split forming a left and right channel upstream 
with a bar forming in the centre and a beach forming on the left bank downstream of 
the bend. Flows converge on the right bank and put considerable pressure on the 
edge protection, (around the area upstream of the bridge in the model). 
 
 

 

Figure 14: Converging flows on flood recession. 

Note the concrete protection work on the left bank has been outflanked by the flow as 
has some of the right bank upstream of the bend. 
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Figure 15: Central bar almost closes off right flow path on recession 

  

Figure 16: At low flow, beach on left bank downstream, upstream channel closed. 
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Figure 17: Bed forms after design flow hydrograph run. 

 
In Figure 17, the main flow channel remaining after the flood run is seen to the left 
side of the picture. The channel on the right to the top of the picture has been in-filled 
as the centre bar moved downstream. The edge protection works visible from left to 
right are A-Jacks (on top of CRI‟s), CRI‟s in two layers and limestone rockwork. The 
critical area for bank protection starts to the left of the picture where flow 
convergence takes place (about XS7 to XS8). However, considerable pressure is 
placed on the right bank over a reach upstream of this location (XS4 to XS7). 
Armouring of the bed is clearly visible in the picture as are the sediment flow lines 
formed during the recession and observed during the model run. 
 
The aluminium A-Jacks were tried and placed in critical locations. These proved to 
be an effective bank lining to protect against bank erosion although very fiddly to 
construct in the model. The model A-Jacks were lightweight but interlock very well to 
form an effective lining. However, as was found for all other protection methods bed 
scour was a problem. This undermined the layer and broke up the interlocking, 
resulting in failure. Provided the base could be adequately founded or anchored on a 
non-erodible base the performance of the A-Jacks was good. 
  
Figure 18 shows a layer of A-Jacks founded on two rows of CRI‟s (taken down to 
scour depth). These performed well in this test, with some displacement. However 
the cost to protect significant lengths of river edge in a similar manner would make 
this method prohibitively expensive.  
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Figure 18: Heavy edge protection 

 
      
10.3. Runs 9 to 18 
 
In the earlier runs it was able to be demonstrated that a form of continuous edge 
lining, if taken fully down to scour depth, would provide protection to the berm but at 
considerable cost. Run 9 began with a more basic arrangement of protective works 
and the use of spur banks and worked towards a more detailed arrangement of 
protection that included groynes and spur banks.  
 
 

10.3.1. Spur banks  

Spur banks are a low earth bank projecting out from the stopbank at about 45 
degrees pointing downstream and terminating at the active riverbank. Two basic 
types were tried. One type was a low bank that allowed the peak of the flood to flow 
over the top and thus allow the berm flow to continue at a low velocity along its length 
with little momentum transfer with the faster main channel flow.  
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Figure 19: Spur Bank 

 
The other type was a higher bank, projecting above the peak flow resulting in the 
berm acting more like a series of cells with flow entering upstream and exiting 
downstream at the next spur bank. Both types required effective scour protection at 
the river edge.   The spur bank shown in Figure 19 is covered with geo-textile and 
pegged down to provide the impermeable barrier effect for modelling purposes only. 
 
 

 

Figure 20: Collapse of spur bank due to loss of toe 
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Figure 21: Loss of berm and outflanking of edge protection after loss of spur bank. 

Spur banks separate the berm flows and thus assist in maintaining the integrity of the 
berm. The problem with spur banks is that they concentrate re-entry of berm flows 
and main channel flows that give rise to scour concentrations and channel 
distortions. Unless substantial protection works are employed at and around the toe 
of the spur bank and the riverbank there is a danger of complete loss of the end of 
the spur bank and subsequent loss of berm. 
 

 

Figure 22: Spur bank at toe, flow re-entering main channel 
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Figure 22 shows (by observation of the flow lines) the momentum differences from 
the main channel on the right to the berm on the left. Flow is accelerated between the 
end of the vegetation and the spur bank in the foreground as it meets with the main 
channel flow. It is this area that is vulnerable to scour in addition to the scour at the 
toe occurring in the main channel. 
Berm flow on the left of the picture is considerably slower than the adjacent main 
channel as can be seen from the lack of disturbance of the water surface. Although 
effective in some model runs there remains a difficulty in holding the toe in place from 
the effects of bed scour. 
 
The close spaced poles across the berm were effective at collecting debris and 
assisting with slowing down the berm flow. 
 
Figure 23 shows a spur bank lined with rock and with an exit channel also lined with 
rock. This arrangement performed well until the toe was lost due to scour. The 
closely spaced sticks along the berm/channel edge were very effective in the model 
but not able to be replicated in the field. However there is expected to be some 
relationship between the closely spaced sticks and the benefit of root mass in the 
field. Closely spaced sticks did help balance the conservativeness of the unavoidable 
fluidity of the berm. It would be of interest to do more study of this. It is surmised that 
as well as retarding the flow the sticks act as a „mechanical binder‟ (similar to 
reinforced earth) to hold the bank together.   
 
 

 

Figure 23: Spur groyne with lined exit channel on upstream face. 

 

10.3.2. Permeable groynes, rope and rail retards 

Permeable groynes took the form of partially buried and anchored tree matter placed 
across the berm at intervals to retard the flow. Rows of sticks to represent close 
spaced trees were also tried. Rope and rail work was also used in a similar manner 
and was effective in places especially when floating debris was caught in the wires. 
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Spacing of the rows is important and this was determined through trial and error. 
About 70 to 80 metres spacing or approximately half the main channel width, gave 
the optimum results. 
 
Various techniques were used to anchor the ends of the groynes where they entered 
the main channel. Use was made of flat „H‟ blocks laced together to provide an 
anchor that could settle as the bed scoured. 
 

 

Figure 24: Permeable groynes and retards 
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Figure 25: Effect on permeable groynes after flood.  

 
Figure 25 shows the amount of damage to the toe of the groynes after a flood event. 
About half the width of the berm (18 to 20 metres prototype) has been eroded away 
as well as a limited amount of surface scour on the berm. A significant shift of the 
bottom groyne anchor has taken place. 
 
The 100 year flood event was run after a 10 year event, with the bed left alone and 
only the protection measures altered or re-instated. This allowed a refinement of the 
measures after a 10 year event, and a testing of a large flood event following a lesser 
event, with bed conditions formed by that lesser event. It was notable that the erosion 
pressure on the riverbanks increased significantly at around a 20 year flood flow and 
if the protection measures started to break up then rapid opening up and erosion of 
the berm could take place on the flood recession. 
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10.4. Runs 19 to 25 
 
Some changes were made to the model at this stage and the procedure was to try 
different arrangements of what would be the final solution based on all the 
information gained from earlier runs. At this stage it was clear that some solutions 
were workable and others were not. Some were workable but likely to be prohibitively 
expensive. 
It was evident that: 

a. Bed scour and lateral scour are a significant problem. (Note, based on 
the information from the model even without the sawfly problem the 
existing means of edge protection would have been inadequate at 
some critical locations). 

b. Hard lining in the form of unconnected concrete units was ineffective.  
c. Permeable groynes, retards and tied vegetation showed promise as 

an effective means of slowing and managing the berm velocities. 
d. Zero loss of berm width was an unrealistic goal, but it still needs to    

be managed. 
e. Spur banks and /or groynes showed promise. 

 

10.4.1. Run 19 

For this run and following runs the bed grade was set back to So = 0.00265 and the 
sand bed made deeper by an average of 30 mm. First a 3 year flood was run 
followed by a 100 year flood. Some minor amendments and additional strengthening 
were carried out after the 3 year flood in areas that looked suspect; otherwise the 
100 year flood took place beginning with the channel that remained after the 3 year 
event. 
 
Various groynes and spur banks were tried. At this stage the emphasis was on 
obtaining a groyne that was flexible and well anchored at least as deep as the units 
used. The idea being to provide a stable base with flow obstructions anchored to this 
base.  
 

  
Figure 26: Groyne using upright units. 
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Figure 26 shows a run where attempts were made to reduce or confine the amount of 
erosion around the head of the groyne especially on the downstream side. One of the 
methods was one or two lines of close spaced poles placed to break up the eddies.  
 

 

Figure 27: Groyne erosion 

 

 

Figure 28: Groyne erosion  

 

10.4.2. Run 20 

This was a severe test of the protection works as the bed set-up used was that 
remaining after Run 19. Groynes were reconstructed with greater depth at the head 
and shaped to have the top surface level with the bank profile. The edge planting and 
rope and rail retards were re-established.  
Four different arrangements of groyne were tried. These were: 

(a) Groyne 1 (400 mm downstream of XS9). This was made up of CRI‟s standing 
vertical on a flat bed of I units tied together. The vertical CRI‟s were placed 
with their top sections at 45 degrees to the flow. C-section units were place in 
the gaps between the CRI‟s together with some limestone at the base. 

 

Figure 27 shows the 
effects of scour at 
the groyne head and 
attempts to minimise 
this with closely 
spaced poles. 

Figure 28 shows the 
effectiveness of the 
groynes in reducing 
berm erosion. Loss 
of berm here is 
equivalent to about 
10 to 12 metres in 
the prototype.  
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Figure 29: Groyne 1, Run 20 

(b) Groyne 2 (midway between XS8 and XS9). This was similar to groyne 1 but 
with no CRI‟s showing above the spur bank. 

(c) Groyne 3 (200 mm upstream of XS8). Randomly placed CRI‟s loosely tied 
together. 

(d) Groyne 4 (at XS7). Similar to groyne 3. 
 
This run presented a severe test as the 100 year flood had been run previously 
without a complete model re-build. The success of this run was encouraging given 
the complete loss of the berm on earlier runs and the difficulty holding the loose sand 
forming the berm in place. Permeable groynes and rope and rail work clearly showed 
their effectiveness at slowing berm velocities and redirecting flow. See Figure 30. 
 
After two, 100 year flood events there was 500mm of model berm left out of 700mm 
at the start at the worst location. This represents a 10 metre loss in the prototype. 
This run confirmed a groyne, spur bank spacing of 75 metres would achieve the risk 
objective. Also the idea of a groyne that was not exposed initially in smaller events 
but was able to project and deflect flows once some bank erosion occurred seemed 
worth pursuing. The whole groyne needed to be robust, high enough and sufficiently 
flexible to be able to drop down, remain stable and protect the berm from erosion as 
the bed scours. 
 
There was no discernable difference between whether the groyne head (when 
submerged and acting to keep the fast moving flow in the main channel), was any 
better as an open shape or as a more closed shape.    
 
Future runs were based around the concept of this run as well as refinements to 
other techniques that had showed promise. 
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Figure 30:  Permeable groyne, retarding the flow  

10.4.3. Run 24 

For this run more use was made of tree debris to provide additional protection around 
the groyne head. 
 

 

Figure 31: Effectiveness of permeable groynes and groynes at 75m spacing. 
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10.5. Runs 26 to 28 

10.5.1. Run 26 

This was the same setup as Run 25 with permeable groyne (using tied down 
vegetation) at 75 metre centres and concrete heads at the river edge. Intermediate 
sub-groynes using the same tied down vegetation were placed between the main 
groynes. The concrete work was placed as previously into the berm and bed, angled 
slightly downstream at about 10 degrees.  
This run was to test the layout with a large event, equivalent to a 200 year return 
period. The model bed was not rebuilt after the previous run, just a rebuild of the 
protection works. 
 
This run was considered to successfully achieve the risk objective and was used as 
the basis for the next run with emphasis placed on reducing the scour embayment 
caused by the groyne. 
 

10.5.2. Runs 27 to 28 (final) 

These runs were now close to a solution and protection works constructed in the 
model were placed to replicate as closely as possible the field conditions of the 
prototype. This meant in the field the use of existing sawfly-affected vegetation, dead, 
part dead and some live. The idea being to form windrows of the vegetation tied 
down with rope and rail forming the permeable groynes and sub-groynes with the live 
willow being placed nearest the river. The head of the groynes to be made up of 
CRI‟s tied together with wire rope, all buried below the surface at the river and 
projecting about half height back into the windrow. 
 

 

 Figure 32: Groyne after flood. 

Figure 32 shows a groyne head with vegetation placed in the location of the eddies 
resulting from the groyne. The vegetation had the effect of slowing water velocities 
and reduced the amount of sediment scoured from the berm around the groyne. Note 
the encroachment of the beach to the left of the photo. 
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11. Results and Significant Findings 
 
11.1. Flow effects 
 
As a result of the model runs and observation of the effects of various protection 
works the following significant findings are noted:  
 

(a) The model clearly demonstrated the vulnerability of the berms and stopbanks 
and thus the need for protection of the berm at the active channel edge and 
the surface of the berm. Without protection, the berm (and ultimately the 
stopbank) will be rapidly eroded. 

 
(b) The model confirmed that live edge protection over a specific width of the 

berm is effective as a transition zone to slow down flow velocities to 
manageable values thereby reducing the shear stresses on the berm. Live 
edge protection is an effective means of edge protection.  

 
(c) Bank erosion primarily occurs through scour of the riverbed, which de-

stabilizes the bank, which in turn, rapidly erodes the unprotected berm (lateral 
erosion). Without edge protection lateral erosion is rapid and could result in 
35 metres of berm width being eroded in 6 to 12 hours.  

 
(d) The flow process around a bend results in high velocity flow nearest the inner 

bank upstream of the bend crossing to the outer bank near the outside of the 
bend (downstream of the bend) with associated bed and bank erosion. On the 
inside of the bend downstream, lower velocities with associated deposition, 
form a beach.  
The critical location of lateral scour of the berm is on the downstream reach of 
the bend. The most critical condition is where two flow streams converge. 

 
(e) This erosion is associated with a downstream migration of the channel, with 

an erosion embayment forming into the berm land and deposition opposite 
building out the beach, which follows behind the strong flows in the 
embayment. 

 
(f) On the recession of the flood, sand bars in the bed build up rapidly and 

reduce the channel flow width resulting in a deepening of the bed on the outer 
edge. This puts additional pressure on an already weakened edge. 

 
(g) During the recession period after the peak flow, significant damage occurs to 

edge protection as berm water recedes and the bed material reforms. 
Saturated banks are subjected to rapid drawdown and suffer further damage 
from bank collapse. 

 
(h) If bank erosion is resisted by protection works then a very sharp and deep 

trough forms alongside the bank. If the erosion embayment meets a strong 
point (natural control or groyne etc.) the embayment quickly tightens, and the 
beach build out opposite gives rise to a very tight flow channel against the 
control. 
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11.2. Protection works 
 

(a) The use of closely spaced sticks and pieces of plants to replicate the fully 
vegetated state of the berm proved to be effective in the model in reducing 
the amount of edge erosion, provided sufficient depth below scour depth was 
achieved. Unfortunately the technique is not readily transferred to the field as 
the equivalent planting spacing is very close, but more importantly there are 
no root structures that would be effective at the scour depth. This finding may 
have consequences for other critical areas in the rivers not currently suffering 
from sawfly damage. Protective planting around and between hard structures 
is an effective means of protection. 

 
(b) The use of rope and rail „fences‟ had an effect in slowing berm flow especially 

with shallower flow over the berms and when debris collected along the 
length of the fence. These appeared to be a good solution to reduce berm 
scour of the exposed raw berms, prior to establishment of vegetation. At 
higher flows where the depth over the berm was above the fences, their 
effectiveness was less obvious. The use of rope and rail to anchor live or 
dead tree debris was very effective in the model and is a feature of the 
prototype erosion solution. 

 
(c) Hard protection (concrete CRI‟s, H and I sections, limestone, A-Jacks) as a 

loose lining in the critical areas is ineffective placed along the length of the 
active channel due to bed scour and outflanking. Outflanking occurs where 
the main flow formed a channel in the berm behind the protection works. 
Although lining worked for a time with smaller flows, once these flows 
increased the bed scour increased and the individual units shifted and many 
also moved off downstream. Outflanking is a concern with any linear type of 
protection works aligned with the flow. With this option there needs to be a 
transverse interruption of the flow along the berm to avoid the formation of a 
preferential flow path. The question that arises then is if there is a transverse 
interruption to the flow by means of a groyne or spur bank is it effective 
enough on its own to eliminate the lining?  

  
(d) The use of flat mattress type protection works and mattresses (see Figure 26) 

with vertical vanes worked well only if tied together. These were less effective 
in deflecting flow particularly for the larger flows and were subject to being 
outflanked. 

 
(e) More local scour is generated around large box-like structures and this can 

lead to differential settlement. Flatter mattresses settle well. However, to 
deflect flow, groynes must have some protrusion and this necessarily 
generates some localised additional scour.  

 
(f) Long wall-like groynes that can articulate and hence bend and settle with bed 

scouring and bank erosion provided flow deflection while maintaining their 
integrity. Flat mattresses of interlocking units with vertical vane elements or 
CRI units on top also function well. 

 
(g) Tying together the concrete units is very important, as once displaced the 

individual units are easily moved by flood flows. The large CRI units would 
rapidly roll down the river after they were dislodged. The flatter interlocking 
units were less easily dislodged and moved,  but were also carried down the 
model. 
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(h) To be effective hard protection needs to be tied together and act as a flexible 
unit and anchored back into the berm. To provide full bank protection along 
the critical length as a continuous lining the protection works must extend to 
below scour level, which is prohibitively expensive. To be effective, in addition 
to taking the protection works below scour level, they needed to be located 
(or detailed with other works) such that outflanking was avoided. This needs 
to be prevented by some form of flow interruption or deflection device and 
determining the location of this is necessary. To be confident that outflanking 
is controlled a series of deflection devices are necessary. At this point, 
groynes that project into the larger flows and extend inland appear to be a 
better alternative to lining as the mass of concrete used is significantly 
reduced. 

 
(i) Hard protection such as a groyne at a specific location is effective in 

deflecting flow and providing protection, provided there is sufficient width of 
sacrificial berm to allow the development of local scour effects due to the 
turbulence created. Positioning vegetation, tied tree debris and close spaced 
poles in the area where local scour formed around the groyne head helped to 
break up the eddies and reduce the amount of lateral bank erosion. In the 
field this can be replicated by slotting live willows adjacent to and tied to the 
groynes. There may be benefit in field trialling lines of close spaced poles in 
the areas of local scour as this showed promise in the model. A trial could be 
carried out at some later stage, after the groynes are established and have 
experienced a small flood event or two.    

 
(j) Groynes associated with spur banks projecting above the peak flow were 

effective in isolating the berm flow into cells, hence slowing the velocities 
(very effectively) and reducing the shear stresses on the berm. However, this 
option also accentuated problems at the berm / channel interface and to be 
successful, significant berm and riverbank protection work is required 
upstream of the groyne (or toe of the spur bank) where the berm flow re-
enters the main flow to prevent erosion. This work must also be tied together 
and taken down to scour depth to avoid failure. 

 
(k) Groynes associated with low spur banks that permitted larger floods to pass 

over them were effective at slowing the berm velocities. However they were 
not as effective as the higher spur banks in slowing the berm velocities and 
therefore additional protection measures to control berm shear stresses are 
necessary. A permeable spur bank constructed of tied down tree debris was 
an effective method to create these spur banks, with the added benefit of 
providing some filtering of the smaller flood flows. 

 
(l) The most successful arrangements of groynes tried in the model were:  

 robust, heavy  

 tied together  

 without large openings  

 well anchored into the berm 

 protruded into the flow 

 capable of vertical and horizontal displacement  
 

A good description of this arrangement is „a spine‟. Different arrangements of 
the spine were trialled. The most promising were: 
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a) A mattress using flat H units with CRI units tied on top to form vanes. 
This arrangement performed well in most flows and was considered 
easier to construct.  
 

 

Figure 33: Flat H units as a mattress with CRI’s tied on top 

 
The reason this method was not chosen for the final solution was mainly 
due to a stability issue. It was apparent that if the H unit did not settle 
relatively uniformly there was a tendency for the spine to rotate and loose 
some of its effectiveness. Figure 34 illustrates this. Repair of this may 
present a problem in the field. 
 

 

Figure 34: Uneven rotation of H mattress, reduces the effectiveness 
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b) The preferred arrangement was a series of CRI units, every second 
unit rotated 90 degrees and a C (or I) unit placed between.  
 

 

Figure 35: Arrangement of CRI’s and I unit 

Tying together needs to be loose enough to allow the degrees of flexibility 
necessary to cater for bed scour depth and still result in the spine acting 
as a continuous unit. Rotation of this arrangement due to uneven 
settlement did not reduce the effectiveness as the unit has a similar depth 
to width ratio and worked on its side as well.  

 

 

Figure 36: CRI’s and I units, settlement post flood  
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The method of construction in the field (and cost implications) was a significant 
consideration in selection of an appropriate configuration to be used for the groyne. 
The decision to use CRI‟s and C units was influenced by the simpler means of tying 
all the units together compared to the other option requiring CRI‟s to be tied together 
as well as being tied to the mattresses. 
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12.    Computer Model Simulation 
 
Out of interest for comparison purposes a small 2D computer model was developed 
based on the cross sections taken of the formed bed from Run 27. The model 
parameters were the same as the physical model and the design flow hydrograph 
was used. A cross section interpolation routine was used to create intermediate cross 
sections at 100mm centres and then the xyz point data from these cross sections 
was used to create a Digital Elevation Model (DEM), the basis of the 2D model. 
 
12.1. Results 
 
Note that the computer model is a fixed bed simulation and the bed modelled is that 
at the end of the flood hydrograph. This means that the schematization is not strictly 
the same as that occurring during the peak of the flood for example. Unfortunately 
this is commonly the case with fixed bed modelling. The only bed information 
available is that after the flood event, and often not even immediately after.  
The model output can show, amongst other items, the flow depths and velocities 
(direction and speed). 
2D modelling can be done with a sediment transport function and thus the bed shape 
can be developed through the flood event starting from the low flow channel data. 
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Figure 37: Water depth and velocity vectors. 

 
In Figure 37 the green coloured channel leading to yellow and then red are the 
deepest parts of the model. The length of the arrows indicates the relative magnitude 
of the maximum velocities. These are of the order of 0.5 to 0.6 m/sec in the above 
snapshot. A surface velocity in the physical model was taken by measuring the time 
for a floating object to cover a fixed distance, was 0.8 m/sec in Run 9 (So = 0.004). 

Left Bank 

Right Bank 
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The calculated physical model average velocity was 0.4 m/sec for the schematized 
cross section. The 2D model only gives velocities for a single vertical cell and not a 
change in velocity with depth. It is in effect an average velocity over the depth, 
whereas in practice the viscous drag reduces the velocity near the bed and sides. 
The 2D model velocity magnitudes appear reasonable.   
 
The converging flow is evident coming from the left bank and meeting the remnant 
right bank flow channel. Near the peak flow both the left channel and the right 
channel are evident in the physical model and converge at the location shown above. 
From this point downstream is the area with maximum bed scour. Peak flow depth of 
150 mm is the same order as that measured in the physical model. 
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Figure 38: Left and Right bank flood slope.  

 
In Figure 38 the flood slopes are plotted side by side. They are displaced 
downstream of the bend due to the shorter travel distance around the inside of the 
bend. Cross Section 5 is the line at the centre of the bend. Cross-fall or super-
elevation is represented by the slope of the cross section lines between the two sides 
of the model. At Cross Section 5 the super-elevation is 5mm. This is less than that 
measured in the physical model where 17 to 18 mm were measured. Determining 
whether or not the physical model is giving a good representation of the super-
elevation would be an interesting exercise for the future.  
 
 
12.2. Computer modelling, some conclusions 
 
The 2D computer model is a very useful tool and can be made even more useful 
when supplemented with physical model data and observations. There are many 
aspects of the computer model that could be examined or verified and improved 
through use of the physical model.  
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For example, the computer model could confidently be used for determining the 
effectiveness of various types of edge protection based on the results of physical 
modelling. Some preliminary work carried out by HBRC on berm roughness and the 
effects of vegetation barriers has been useful to determine the widths of berms and 
the velocities against stopbanks.  
 
Computer modelling calibrated to reflect the observations of a physical model could 
then be very useful. It does mean that the physical model needs to be a good 
schematization of the prototype and accurately reflect reality. The computer model 
simply allows faster and easier trials with substantial output data. The physical model 
helps with the calibration and reality checks. Of course the actual river behaviour is 
the final check on how accurate an assumption or method is; it‟s just that it can be a 
lengthy process (i.e. years) to check whether the implementation of a method is 
successful or not.    
 
 

 

Figure 39: 2D model water depths 
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13. Conclusions 
 

(a) The overall cost to construct the model, run it and test various alternatives 
was $150,000. The cost to implement the solutions determined in the model 
in the rivers was $9,000,000. This is about 1.7% of the construction cost and 
as such represents good value, both in terms of the design for the immediate 
work and for the insights gained for future work. 

 
(b) The model was a successful, extremely useful and informative way to 

examine a difficult problem and arrive at solutions that are demonstrably 
effective and affordable.  

  
(c) It was an effective tool to demonstrate the problems and solutions to the 

public. It also showed the limitations of the existing flood protection works in 
some locations. 

  
(d) It appears likely that even without the extensive sawfly damage, bed scour at 

the active edge on the outside of bends in some critical locations will be a 
significant problem, and severe damage can be expected in large floods. 

 
(e) It is essential to have sufficient width of berm from the active edge to the 

stopbank. Council should vigorously oppose any attempts by developers 
wishing to secure more land based on the unfounded contention that the land 
is not necessary for flood prevention.   

 
(f) It is essential that the berm surface be protected from scour. This means that 

flow along the berm should be slowed down by use of spur banks, vegetation 
such as trees and shrubs, windrows and good grass cover. This is particularly 
critical where berm widths are relatively narrow and is consistent with the 
existing scheme design philosophy.  

 
(g) In cases where there is damage to the berm protection from sawfly (or 

possibly from fire, flood damage etc.) reinstatement should be carried out 
urgently. Methods outlined in this report are appropriate and use of windrows 
of mixed dead and live tree matter well tied down with wire rope and rails, 
were shown to be particularly effective when little else is available. However 
this technique may be a short term measure and it needs to be followed up 
with re-establishment of vegetation. 

 
(h) It is essential that the active channel edge in critical locations (outside of 

bends, flow convergence) be protected from the effects of lateral scour. The 
best method to do this, given the lengths of river involved, is to interrupt the 
flow along the bank at regular intervals with a groyne. Turbulence created by 
the groyne and the associated local scour needs to be recognised and dealt 
with. There may be some field trials necessary here and more modelling work 
would assist. Dense planting and/or close spaced rows of poles were 
effective in the model to reduce the amount of local scour. Sufficient weight, 
interlocking, tying together and anchoring into a „safe‟ part of the berm is 
necessary. Groynes need not be visible until „required‟ so they can be buried 
in the bank provided they have the ability to settle down to scour depth as a 
connected unit. 

 
(i) Groynes should be connected to low spur banks or windrows as described 

previously to prevent outflanking of the groynes. It is important to prevent the 
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groynes from becoming outflanked, as this will negate their effectiveness 
entirely. Vegetation planting alongside the windrows will provide good 
protection when established. Until this vegetation is established the system is 
vulnerable to attack, and damage from smaller floods should be quickly 
repaired.    

 
Finally, it is worth emphasising that no solution was found that could guarantee 
complete protection with no loss of berm. The solution is to “buy time” by 
providing adequate width of berm, controlling flow over the berms and 
protecting the edge of the active channel. On going maintenance and re-
establishment is then an essential part of this approach to river management. 
 
 
 
14. Recommendations 
 
It is recommended that: 
 

1. Repair work to the sawfly-damaged areas continues due to the substantial 
risk faced by the region if a significant flood event occurs.  

 
2. Repair work is carried out generally as summarised in the conclusions that 

are supported by the physical modelling carried out. A diagram of the repair 
work is included in the appendices. 

 
3. Repair work is carried out in critical locations on the outside of bends and/or 

where flow convergence occurs. (Note that currently in order to take 
advantage of the growing season, these works have been identified by 
inspection of existing plans, photos and local knowledge and confirmed by 
site visit with the work prioritised for completion). 

 
4. Provision is made in Council‟s medium term plans to determine possible 

critical areas elsewhere in the region not yet affected by sawfly and prepare a 
report to Council outlining the risk and medium term remedies. 

 
5. A risk assessment is made on the width of berm currently available, its 

suitability as an effective sacrificial buffer for large flood events (1% AEP or 
larger) and the need or otherwise to secure further adjacent land for flood 
protection purposes. 

 
6. A report to Council be produced on the benefits and costs of re-establishment 

of the physical model in a suitable shed at the Works Group for the purpose 
of further study of gravel bed rivers in the region. Such study would include 
more detailed study of specific problems with groynes, spur banks and other 
protection works as well as bridge waterways, channel constrictions and 
possibly the calibration of 2D models. The model has particular application as 
an education tool for staff, Council and the public.    
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APPENDIX 1: Berm protection works, sketches, model protection units 
Straight, Moderate and Severe bend berm protection works 
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Photographs of scale models of Rotated I’s, H and I sections and A-jacks 
 

 Rotated I  I section  

  

Height 50mm, stem 20mm, width 40mm 
(Prototype 8 tonne) 

Length 65mm, stem 20mm, width 40mm, 
thickness 10mm (Prototype 3.8 tonne) 

Rotated I, H section and I section Rotated I’s and I sections linked 
together 

  

H section 50mm high, stem 20mm, width 
50mm, thickness 10mm (4.6 tonne) 

Linked units designed to be flexible and 
able to follow bed scour 

Plan view of linked units showing 
lateral flexibility. 

A-Jacks showing interlocking 

  

Prototype flexibility achieved with steel 
cable through centre. 

These showed promise for lateral bank 
erosion protection. 
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APPENDIX 2: Detailed model runs 
 
This appendix lists the file notes of the various model runs. 
The term CRI refers to Concrete Rotated I Units. 
XS refers to cross section. Cross sections were located in the model as shown in the 
figure below. 
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RUN FLOW SET UP RESULTS FAILURES COMMENTS 
1 19 May 2005.         

Up to mean 
annual flood. 

Bed slope So=0.00265. Active 
channel only flooded, berms kept 
dry. No channel protection. Aim 
was to check bed forms and 
meander pattern. Flow 8 l/s run 
for 1.5 hours and 25 l/s for 2.5 
hours model time. Rectangular bed 
form as starting shape.  

Strong velocities on internal 
corner LB and flow splitting just 
after this. No additional sand 
added. Channel eventually 
developed on right bank, below 
bend. Not especially strong but 
identifiable. Bar building on inner 
corner and downstream. No high 
flows run. 

Not especially testing for 
particular structures, but 140 
mm of unprotected berm lost. 

Need to control inner bend 
velocities, to allow bend on right 
bank to dominate. Some concern 
with exaggerated bed forms, 
possibly look at a grade increase. 

2 and 
3 

23 to 24 May 
2005. Mean 
annual flood 
up to Q100. 

Bed slope changed to So=0.004. 
Bed shape started similar to Run 1. 
Run with low flows overnight 
(about 27 l/s). Followed next day 
with Q100 flow. CRI’s and limestone 
rockwork placed along right bank, 
with only minor berm work such 
as rope and rail, trees etc. On left 
bank a roughness element created 
to control high velocities on this 
edge and get a more realistic flow 
pattern. Amendments made to 
inflow device to reduce wave 
formation. Protection works: a) 
post and wire retards XS3 to XS4. 
b) Limestone rock on batter XS2-3 
to XS3-4. c) CRI’s on bend XS4-6. 

One feature was how poorly the 
interlocked CRI’s performed once 
scour was initiated. Moderately 
high standing waves formed near 
peak flows, estimate 2m high in 
prototype. On recession model 
performed as expected in 
prototype with good replication 
of cross flows in main channel. 
Max depth below WL was 7 to 8 
m in prototype. Relatively large 
bed forms noted. Post and wire 
retards performed well, 
noticeable effect on flows. Even 
those on LB 3-4 although 
completely submerged held on 
well and collected debris. 
Collected about 1.2m3 of trapped 
sand at outlet. 

Downstream the unprotected 
berm was completely lost within 
1 to 1.5 hours model time, with 
the main meander against the 
model (ie stopbank) sides. Taken 
as a complete stopbank failure 
due to scour. 

Added layer (20mm) strip drain 
under sand to overcome drainage 
problem at the end of each run. 
CRI’s moved downstream with little 
effort once free from group. Once 
rolling initiated it continued 
virtually unabated until off the 
model. Tying or better interlocking 
will be necessary. Hand placed rock 
was clearly better performing than 
dumped rock Need to go down to 
scour depth. Even large rock rolled 
off end of model once loose. 

4 25 May 2005.        
Up to Q100  

Above bend largely unchanged 
from Run 3. Scour hole upstream 
filled in (overfilled and used as 
supply source). Berm rebuilt below 
bend and protected with a variety 
of protection works, limestone and 
a variety of CRI layouts. (refer file 

In the model, active edge quite 
soft and difficult to keep together 
even with close spacing of sticks 
representing trees. Scour 
occurred along right bank and 
hard lining of limestone and 
CRI’s in different arrangements 

Failure process was one of 
general bed scour followed by 
bank erosion as the bank drops 
into the scoured channel. The 
hard protection was undermined 
and simply dropped into the 
scoured channel. When this 

Hard edge protection is of limited 
use once bed scour starts to reach 
the founding depth of the lining. 
Protection works need to be either 
well founded or flexible enough to 
rotate (like Reno mattress). 
Although interlocking was mainly 
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RUN FLOW SET UP RESULTS FAILURES COMMENTS 
notes). Sticks placed for trees, 
although at close spacing.   

were outflanked with subsequent 
loss of berm (and assumed 
stopbank). Rope and rail effective 
particularly when debris builds 
up. Slows the berm flow and 
helps with transfer back to main 
channel. 

occurred the berm was easily 
scoured out with the main 
channel flow reaching the model 
edge relatively quickly.  

successful, the hard lining (CRI’s) 
settled on mass and then became 
outflanked. 

5 26 May 2005.             
100 year 
Hydrograph 

CRI’s placed full length of section 5 
to 10 and set up to cover a 4m wide 
face of the batter. 4 spur banks 
placed across the berm midway 
between XS points. Spurs protected 
by limestone (but just for model, 
not in prototype). Various CRI 
layouts tried, looking at 
interlocking. Tree planting was 
placed during the run as indicated 
at critical locations. Rip-rap placed 
at less critical location upstream of 
bend, taken down to scour depth. 

Spur banks worked well for a 
time but later collapsed. Also had 
high velocity flow with berm 
water entering the main flow and 
causing bank erosion. Rope and 
rail groynes showed their 
effectiveness and debris trapping 
ability. Layout worked ok with 
low berm velocities. Average 
water slope at peak Sf=0.004.  

10 or so CRI’s scoured out and 
left the model (once rolling 
begins, the CRI’s move easily 
downstream). Due to scour the 
face of CRI’s dropped and 
became un-meshed. During the 
recession they were outflanked 
and berm scour occurred behind 
them. (Over a model length of 
6000mm by 200mm wide).   

Model active edge very loose and 
difficult to model. Probably a severe 
test and results should be 
conservative. Loose CRI’s appear 
ineffective, easily lost once scour 
initiated. Rockwork surprisingly 
effective provided the bed doesn't 
scour. 

6 31 May 2005.        
100 year 
Hydrograph 

New bed set-up grade So=0.004. 
Attempt to achieve greater depth 
with edge protection works. CRI’s, 
3 deep (6m in prototype) with 
limestone along top edge. A-Jacks 
(made from aluminium) placed in 
critical areas. Limestone placed in 
other less critical areas. Edge of 
berm planted with 3 rows of trees 
(sticks used). Rope and Rail used 
over berm area at 300mm apart. 
Ran model at 20 l/s for 0.5 hour to 
settle bed. 

Model run went well, with 
moderately small amount of 
damage. But at what cost in 
prototype? A-jacks were fiddly to 
make and place in model which 
make their use suspect in similar 
field conditions. 

A-Jacks worked well but only 
where a good interlock was 
achieved. Any bed scour 
resulted in pulling apart of the 
system and loss of individual A-
Jacks. Damage else where was 
due to bed scour and slumping 
of protection works (CRI’s, 
planting and limestone). 

Although this amount of protection 
is showing promise there are 
concerns with cost in prototype to 
achieve the same protection. Also if 
prototype bed scour is accurately 
being modelled then placing hard 
protection along the batters may be 
of limited use and requiring 
significant repair after a flood event. 
A-jacks appear to be too fiddly and 
exacting to be a useful alternative in 
rivers this size. May be a solution in 
smaller "fixed bed" streams as they 
work well when locked together 
and not subject to undermining. 
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RUN FLOW SET UP RESULTS FAILURES COMMENTS 
Note re-checked sediment size in 
model and determined that it was 
on the small size. Look at re-
grading the sand. 

7 01 June 2005.            
100 year 
Hydrograph 

Same arrangement as Run 6, 
So=0.004. This run mainly for 
benefit of group of observers from 
Wellington. Berms heavily 
reinforced with significant edge 
protection works. Protection works 
were at the upper end of what 
would be considered cost effective. 
Sand re-graded to meet design 
model specification.  

More effort made in placing of A-
Jacks, which improved their 
performance, but again required 
stable base and ability to tie the 
ends into something solid. 
Measured depth of scour below 
model flood level was XS 6-7, 160 
to 170 mm, XS7-8, 150 to 160mm, 
XS8-9, 100 to 140mm, XS3-4 100 
to 140mm. 

Some slumping resulting from 
bed scour was evident, but by 
and large the bank held up. 
Deep trench in front of 
protection works. Significant 
build up of sediment on LB 6-8. 
Channel formed alongside XS2 
to 4 RB due to build up of bar. 

Bed forms improved with this 
sediment grade and standing waves 
much less evident during run. Trial 
section of "lopping" worked well, 
although not under heavy pressure 
from flow. Dead-man anchors will 
be worthwhile trialling. This run 
did demonstrate how effective a 
fully planted berm could be. 

8 02 June 2005.            
100 year 
Hydrograph 

Generally the same set up as RUN 
6 and 7, with reinforced spur banks 
and full bank linings, plus berm 
retards and edge vegetation.  Left 
berm lining of CRI’s + permeable 
retards across half berm and 
upstream permeable groynes. 
During the model run an inner 
spur bank was removed from 
model entirely to see difference in 
berm flows. 

All works along reach 
downstream of bend intact, with 
sharp trench in front.  Some 
minor slipping of downstream 
CRI’s.  Some minor re-working of 
berm.  Left berm scoured out 
with CRI’s in place but in 
channel. On Right bank 
permeable groynes effective, 
berm flows appeared OK. 
Sediment through model = 0.4 to 
0.5 m3. 

Left berm upstream permeable 
groynes worked well, but berm 
scour with outlet at downstream 
end outflanked CRI lining.  
Some minor damage at junctions 
of different types of 
works/lining units. 

Deep scour on right side 
downstream of bend means linings 
must be high.  Full depth linings 
ensure no loss of berm or even 
significant damage.  The A-Jack 
units are light but interlock very 
well, and very effective lining when 
down to full scour depth. 

9 03 June 2005.            
100 year 
Hydrograph 

Back to a more basic arrangement 
with significantly less protection 
work than previous run. 2-unit CRI 
lining, with different arrangements 
+ permeable groynes at 25 m 
intervals + 2 spur banks as before.  
Left berm retards full berm width 
+ rock protection at downstream 
berm outflow area. 

Nearly complete loss of the right 
berm downstream of bend 
(between the spur banks) with 
CRI’s left in place and the low 
flow channel going through 
them.  Left berm generally intact 
with CRI’s on bank and channel 
in front. 

CRI lining outflanked by 
bank/berm erosion and left in 
the channel.  Units settled onto 
bed and remained there.  
Permeable groynes nearly all 
removed completely.  Lower 
spur protected downstream 
berm, but with a resulting bend 
in the channel. 

From fully effective lining and berm 
works [of RUN 8] to minimum 
lining (of CRI’s) and minimal berm 
works. 
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RUN FLOW SET UP RESULTS FAILURES COMMENTS 
10 09 June 2005.            

100 year 
Hydrograph 

Spur banks at 150 m; permeable 
groynes at 12.5 m and retards at 25 
m, plus lateral retards.  No 
vegetation [except to hold 
landward end at retards]. 

Loss of berm along the full length 
of the reach [along the critical 
length downstream of the bend - 
where there is flow convergence].  
Complete loss along the lower 
part [around the bridge, bridge at 
XS7] 

Lower spur bank completely 
washed away, with strong flows 
concentrated at the bank.  Bank 
erosion cusp at middle spur 
bank, with tight curve in low 
flow channel.  Failed permeable 
works in low flow channel. 

Spur banks separate berm flows, 
and hence assist in retaining some 
berm, but they concentrate re-entry 
berm flows and main channel flows 
giving rise to scour concentration 
and hence channel distortions. 

11 17 June 2005       
100 year 
Hydrograph 

Spur banks at 75 m reinforced; 
anchored trees + retards or 
permeable groynes/retards + CRI 
lines across berm 

Some loss of berm throughout 
critical reach, but restricted by 
reinforced spurs and the 
continuous 'feathering' effect of 
the bank edge vegetation. 

Where only permeable works 
the bank was eroded away, but 
works generally still intact.  Spur 
heads failed, with rock dropping 
into scour holes.  Tied back 
[bushy] trees performed well. 

Demonstrated benefit of trenched-in 
and tied trees.  Multiple breaking 
up of currents and many small-scale 
deflections much better than larger 
and more solid deflectors. 

12 22- 23 June 
2005  
100 year 
Hydrograph 

Spur banks at 75 m; Groynes (of 
CRI’s, half CRI’s and Rock) at 25 m 
[included heads of spur banks] + 
intermediate permeable groynes & 
retards; no vegetation 

Complete failure downstream 
half (below bridge), with 
progressively less upstream.  
Berm erosion ended (contained) 
at downstream spur bank, but 
severe channel bend and 
pronounced beach enlargement 
because of sharp flow deflection. 

All groynes destroyed [except 
top end] with units completely 
removed (many to basket at end 
of model) and/or buried.  Along 
upper part with only some berm 
loss, permeable works generally 
still together but scoured out 
and lying over etc. 

Once substantial berm loss occurs 
the building up of the beach 
opposite maintains flow pressure 
against the bank, and it is this beach 
build up that maintains a vicious 
cycle of bank erosion and beach 
deposit. 

13 27 June 2005           
10-20 year 
Hydrograph 

Windrow banks at 30 m, with 
groyne heads of half CRI’s (&A-
Jacks); permeable groynes at 15 m 
+ retards, and tied trees between.  
Line of blocks across berm every 
third windrow - at 90 m. 

Some minor retreat along centre 
of reach (around bridge), with 
break up of groyne heads here.  
Permeable works and tied trees 
mostly intact along eroded bank. 

Groyne heads of dumped A-
Jacks fell apart quickly.  Half CRI 
units displaced, but generally 
'on-site'.  Permeable groynes 
exposed but intact, except where 
A-Jacks failed. 

The half CRI blocks were just half T 
units and did not interlock.  The A-
Jacks must form an interlocked 
mass, as each unit is too light on its 
own. 

14 28 June 2005         
100 year 
Hydrograph 

Same as RUN 13, with groynes etc 
reinstated.  'Hoop ties' over the half 
CRI units.  Start conditions were 
the channel at the end of the 10 
year run 13. 

Complete failure downstream 
half (below bridge), with 
progressively less upstream. 

Berm completely removed over 
lower half of reach, with low 
flow channel against side to end 
of model and beach very close to 
side wall.  Failed permeable 
works and tied trees layer 
downstream and remain 
effective until completely 

Major failure started after flows of 
around 20 year reached, and 
progressive failure occurred over 
peak and then through the 
recession.  [Blockage at peak flow 
lead to pulses of very large flows 
before flow stabilised again.] 
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RUN FLOW SET UP RESULTS FAILURES COMMENTS 
dislodged. 

15 05 July 2005            
10 year 
Hydrograph 

Same as RUN 13, except groyne 
heads of flat H blocks, in different 
arrangements - mattress, 2-layer 
and interlocked 'blocks'.  Most 
groynes with tied together units. 

No significant loss of berm.  Some 
scouring behind the 'block' type 
groynes. 

Local scour around 'block' type 
groynes gave rise to some 
outflanking behind, and 
upstream settlement tilting.  
Mattress groynes laid down 
bank with bed scouring very 
well.  Some opening up of untied 
units. 

Flat H units settle well and are less 
easily moved.  The units interlock to 
form a mattress.  They are easier to 
cast and handle, and can be easily 
tied together, with eyes at each end. 

16 06 July 2005         
100 year 
Hydrograph 

Same as RUN 13, with groynes 
heads either [3 row] mattress or 
back-stacked untied units [The best 
of the 10 year run].  Start 
conditions the channel at the end 
of the 10 year run. 

Some berm loss in centre of reach 
[up to about 10 m] to a shallow 
curve into the berm. 

Bank loss to behind groynes 
with concrete blocks behind 
exposed.  Outflanked groynes in 
channel, on the bed or covered, 
with heads curved up by 
recessional deposits.  Failed 
permeable works and tied trees 
layered downstream. 

Starting with the bed form 
developed by the 10 year flood has 
an effect on the higher flood run.  
There is an existing scour trough 
along the critical reach.  This means 
less re-working effort on the 
hydrograph rise, but deeper start 
depth at bank. 

17 12 July 2005          
10 year 
Hydrograph 

Same as RUN 13, with groynes all 
tied mattresses, in different unit 
arrangements and both H and I 
units.  Lining of I units along bank 
of upstream (left) bank. 

Virtually no damage or loss of 
bank.  Very easily reinstated.  
Slight downward movement of I 
units of left bank lining. 

Some upstream tilting of 
groynes, and settlement, but 
very well formed down 
heightened bank [by bed scour].  
Some exposure of permeable 
groyne piles, but all intact. 

H unit mattresses settle well with 
bank erosion and bed scour.  There 
is little local scour around them.  
However, they have a low flow 
deflection effect.  Deflection and 
local scour go together. 

18 13 July 2005        
100 year 
Hydrograph 

Same as RUN 13, with some 
replacement of groynes heads 
[articulating with vertical units].  I 
units of left bank lining tied 
together.  Start conditions the 
channel at the end of the 10 year 
run. 

Some berm loss in centre of reach 
[up to about 10 m] to a shallow 
curve into the berm.  Generally 
less than Run 16, except at 
downstream end of area of loss.  
Low flow channel less entrenched 
- wider and less deep. 

Upstream part of reach virtually 
all intact, but berm loss over 
centre-lower part, with 
outflanked groynes, and 
permeable works and trees 
layered against [eroded] bank.  
Settled groynes on the surface of 
the bed. 

General repeatability shown, with 
run result very similar to Run 16.  
However, there were differences in 
the final bed form.  Pre-conditions 
have an effect - on the area of 
greatest pressure etc. 

19 19 and 20 July 
2005                        
3 year followed 
by 100 year 

New set-up, bed grade back to 
original model set-up with 
So=0.00265 and extra depth of sand 
20 to 40mm. Spur banks at 75m 

After the 3 year run, channel and 
berms in good condition, 
although groyne at XS7  (No.1, 
flat I's) was undermined so 

Upstream part of reach virtually 
all intact, to XS6. Both L and R 
bank well behaved. Downstream 
in critical location berm loss 

This was a fairly severe test as no 
bed re-formation took place after 
the 3 year event. Note in the photos 
the spur banks are covered with 
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hydrograph  centres with concrete (CRI’s, T's, 

H's) all wired together in various 
configurations.  1. Flat I's with 
upright I's tied together (as photo). 
2. Mass CRI’s, random tied as 
clump, back to single row in spur 
bank, 3. Flat I's with CRI’s tied 
vertical and I's in gap between. The 
100 year run started the day 
following the 3 year run, with 
some amendments and revised 
strengthening.  

strengthened. Channel formed in 
similar fashion to previous runs 
at steeper grade, but this run 
stayed adjacent to right bank for 
all the downstream length (XS 6 
to 10). Measured scour depths 
were 6 to 7 m below flood level 
that is similar to other runs. 
Although the river was against 
the bank at 8 to 10, the edge 
planting representation was 
sufficient to hold the berm. This 
reach is not under pressure from 
the gravel bar. 

limited to 5 to 6 m. This is the 
result of bed scour and the angle 
of repose of the bank forming. 
Close tree planting (using sticks) 
and permeable rope and rail 
controlled this. All groynes were 
placed deep and as a result did 
not suffer from settlement and 
behaved well. End scour in the 
exposed groynes was evident 
even with the 3 year event, 
although it did not appear to get 
significantly worse in the 100 
year event. 

limestone, this is just to hold them 
together as the sand in the model is 
too loose to represent grass cover. 
Spur banks worked very well, keep 
low so that the 100 year event just 
passes over. Construction of the 
groynes so that they remain covered 
until after the bank has started to 
erode appears to work well. Up 
until bank erosion (resulting from 
bed erosion), the groynes do not 
cause eddies to exacerbate the 
erosion. After the bank erosion they 
deflect the flow back into the main 
stream.   

20 21 July 2005         
3 year followed 
by 100 year 
hydrograph  

Same set-up as Run 19, using same 
bed left after Run 19 flood of Q100. 
Groynes in area XS7 to XS8 rebuilt 
with greater depth at the toe and 
shaped with top surface at level of 
bank profile and extended into 
spur bank. Re-established some of 
the edge planting and rope and 
rail. Trial areas of vertical poles in a 
row spaced close together. 

Groyne 1 (400mm d/s of XS9 at 
stopbank). CRI’s on flat bed of 
"I's" tied together. CRI’s standing 
vertical with tops at 45 degrees to 
flow. C sections placed in gaps 
between CRI’s. Half of CRI’s 
exposed from previous run, left 
as was. Performed well with 
relatively minor loss of berm and 
no significant embayment. 
Groyne 2 (midway between XS8 
and XS9). Similar to Groyne 1, 
but no CRI’s showing, covering 
of limestone rock still in place 
from previous run. Groyne 3 
(200mm u/s of XS8). Rebuilt, 
random placing of CRI’s etc and 
loosely tied together. Groyne 4 (at 
XS7). Similar to Groyne 3. Both 3 
and 4 performed OK, but  

Groynes 1 and 2 behaved well, 
although under less pressure at 
these locations, very minor 
damage. At Groyne 4 the spur 
bank settled (suspect poor build) 
so this was strengthened during 
the run so as not to have a model 
failure that we were  not 
specifically interested in. CRI’s at 
the head toppled off the base 
and a lot of turbulence was 
noted together with deep scour. 
Groyne 3 held together although 
a lot of turbulence and scour was 
noted. Deep bed scour is still a 
concern. Is this a scaling 
problem? 

This run was a severe test as a 100 
year flood had been modelled 
previously with only minor rebuild 
of some structures and the channel 
largely intact, with deep scour holes 
filled. Permeable groynes and rope 
and rail work on groyne clearly 
showing effectiveness at slowing 
berm flow and redirecting flow. 
Groynes are effective at reducing 
the amount of berm loss. After 2 
Q100 events there was 500mm of 
berm left out of 700mm to start with 
at the worst location. This 
represents a 10m loss in the 
prototype. At this stage it appears 
that the groynes should be at about 
75m spacing (although some further 
work required here once a good 
design established). Groynes should 
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RUN FLOW SET UP RESULTS FAILURES COMMENTS 
turbulence and scour at the heads 
was a problem, although the 
system held together for the 
event.  

be tied into an earth spur bank full 
width of the berm, just high enough 
to pass the design flood over the top 
(a tapering bank should also be 
looked at in more detail). The 
groyne head seems to be working 
best when not exposed to the flow 
for smaller events, but able to 
project and deflect flow once some 
bank erosion occurs.  Therefore the 
whole groyne needs to be robust, 
high enough and flexible able to 
drop down as the bed scours. 

21 26 July 2005.     
100 year  
hydrograph                   

Spur banks at 75m, with groynes at 
the spur head, of tied together CRI 
and H units as an articulated ‘wall’ 
under the spur and buried out into 
the bed (about 20m long, 
prototype). Spurs covered with 
limestone rock as cover control, but 
limestone rock around concrete 
block groynes. Two permeable 
retards across the berms between 
spurs plus angle retards along 
outer part. Rows of close spaced 
sticks along the bank, with some 
permeable walls of lines of close 
spaced sticks.  

Some loss of berm along most of 
the critical length (of flow 
convergence) with slight 
embayment cusps between spurs. 
Berm loss to just behind block 
groynes, with sharp failure face, 
but berm behind completely 
undamaged. 

Failure of bank protection and 
berm loss significantly affected 
by camera intrusions. However 
once the bank edge protection 
(of the rows of sticks) was 
broken through the bank was 
substantially eroded, with the 
sticks washed away, permeable 
retards destroyed and scouring 
around the groynes. 

The spacing of the groynes (at 75 m) 
appears about right, given the 
resulting bed form, with some slight 
embayments between the low local 
scour holes, and the deflection effect 
achieved by the groynes. The 
groynes remained in place down 
the (eroded) bank, with little 
settlement tilting etc, and retained 
their deflection effect. The 
maximum berm loss was about the 
same as Run 18, but significant 
berm loss was much more extensive 
along much of the right bank below 
the bend. Some upstream 
progression of the berm loss 
occurred from the initial area of 
failure. 

22 27 July 2005      
100 year 
hydrograph     

Spur banks retained (with crest 
above 100 year level) but other 
works similar to Run 18, with one 
windrow between spurs and short 

Some berm loss along much of 
the critical length, but little 
damage on the upstream part and 
downstream end.  Maximum 

The permeable groyne and tree 
works were more damaged than 
in Run 18 (with same type of 
works), but were layered 

The different arrangements of the 
groynes - of an articulated wall and 
mattresses with CRI and C units - 
had similar effects.  Preferences may 
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permeable groynes + lateral retard 
+ trenched and tied back trees.  
Sticks were added along bank edge 
and retards to represent actual pole 
plantings.  Various groyne 
arrangements of H mattresses and 
CRI or C units as vanes on top - 
buried down back and into bed.  
Start conditions reformed and 
rolled bed, and re-formed berm 
with trough - upstream part from 
previous run.  

berm loss about the same as Run 
21, but more extensive than Run 
18, and some small cusp 
embayments.  Similar small 
outflanking of groynes as Run 21, 
but a somewhat wider and 
shallower final bed formation of 
the trough alongside the groynes. 

downstream against the eroded 
bank.  The non-eroded berm was 
again completely undamaged - 
because of the very slow 
circulating flows with the spur 
banks.  There was no significant 
damage at the outflow point by 
the spurs, as there were no 
strong berm flows.  The groynes 
settled well, while maintaining 
flow deflection, and had long 
low local scour holes. 

then depend on the overall cost of 
making the units and construction 
on site.  The groynes (at 20 m long) 
were still just outflanked, and a 10 
m landward extension, of a simple 
single unit arrangement, may be 
worthwhile.  The shallower bed and 
low scour holes at the groynes was 
a definite improvement, but the 
'wall' groynes may be better slightly 
more downstream aligned, as in 
Run 21.  The greater damage to the 
permeable structures and tree 
works (from Run 18) may be due to 
greater stress on the bank with a 
sharper transition from high flow 
velocities in the channel through to 
no flow on the berms, because of 
the spur banks. 

23 27 July 2005      
100 year  
hydrograph  

Permeable groyne options using 
the same concrete head 
arrangement to gauge the effects at 
different locations of the same 
groyne make up. 

Permeable groynes on berm 
worked well in slowing down 
velocities. Some loss of berm 
width but acceptable. Overall this 
arrangement is performing very 
well 

Embayment at groyne head as 
expected. Look at further runs 
with some protection works to 
see if this can be improved. 

 

24 29 July 2005        
10 year  
hydrograph  

Re run of Run 23 using the same 
protection works. Ran up to Q10 
for 2.5 hour hydrograph to gauge 
effects of a run after a significant 
event. 

Performance was good. Sand bar 
deposited at head of scour hole 
from earlier run was removed 
taking pressure off right bank.  

Only minor additional damage.  

25 04 August 2005    
100 year  
hydrograph  

Complete new bed setup using 
same layout as run 23, permeable 
groynes at 75 m cc plus 
intermediates. Concrete groyne 
heads with no gaps in layout to 

Very good flow exchange 
demonstrated on berms (equiv. 
1.5m deep). One of the better 
runs in this respect. Peak 
discharge > than previous at 93 

Layout performed well over the 
extended time period. Loss of 
berm of 200mm at worst 
location. 

This layout is looking promising. 
Trial some different arrangements 
of groyne heads and permeable 
groyne, rope and rail retard layouts. 
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compare with run 23 with gaps.  
When model reached 5 year 
discharge approx. on recession  left 
to run for remainder of afternoon  

l/sec.  Scour depths 6-7 m. Model 
ran from 8.45am to 16.45pm. 

26 05 August 2005  
Past 200 year 
(105 l/s).      

Same setup as Run 25 with some 
minor changes to groynes, tying 
and replacing in position. 
Otherwise the same layout and 
positions as previous run. This run 
was to test what would happen in 
an event greater than the Q100 
discharge. It was particularly 
severe in that it was run after the 
previous run with only minor 
repair.   

Permeable groynes on berm 
worked well in slowing down 
velocities and there was not 
significant additional damage to 
the berm itself from the previous 
run. Some further loss of berm 
width but acceptable. Overall this 
arrangement is performing very 
well.  During the peak the super 
elevation of the flow was 
measured at XS5. This measured 
18mm (0.9m in prototype). 

No major failures. At the groyne 
head a scour hole or scour of the 
bank downstream is a problem. 
Groyne at XS7+750 lost the most 
of the 3 main groynes, probably 
exacerbated by the large sand 
bar build up opposite deflecting 
the flow and putting extra 
pressure on the work.  

Model layout and suggested 
solutions is nearing an acceptable 
solution. What remains is to finalise 
some of the smaller details. Some 
attention to detail at the 
downstream side of the groyne 
heads will be worthwhile for the 
next run. The measured super 
elevation in the model across the 
flow is of concern in the field 
(0.9m). Do our stopbanks have an 
adequate amount of freeboard in 
such locations?? This needs further 
examination. 

27 09 August 2005  
100 year  
hydrograph 
with extended 
5 year on 
recession.                   

Same spacing of permeable 
groynes as previous run at 75m. 
And 45 degrees to flow on berm, 10 
degrees in flow. Construction was 
with half length earth bank and 
remainder to groyne head using 
dead sticks and sand pushed up to 
represent field conditions re-using 
dead trees. Groyne head used 
upright CRI’s on wide base, all tied 
together. Special effort made to 
layer trees on downstream side of 
head to assist with reduction of 
scour. At mid point between main 
groynes placed "light weight" 
permeable groynes and rope and 
rail terminating at the active 

Model run went very well, 
possibly the most successful to 
date in terms of minimal damage 
for commensurate protection 
work in place. Bed and bar 
formed as per previous runs, 
depth of scour 7.5 to 6 m on 
critical reach of right bank. On 
recession sediment formed on 
right bank above berm and 
progressed to start and cover the 
first groyne at XS6. Bar forming 
on left bank from XS6 
downstream caused flow to put 
pressure on right bank during 
recession. Groynes and isolated 
layered trees were working well 

Although there was still loss of 
bank this was limited to 10 to 12 
metres (prototype) due to the 
protection works in the model. 
Bed scour at worst location 
remained deep, on recession 
upper scour hole started to fill. It 
appeared likely that this would 
fill if model was  left running at 
low flow for long enough. Some 
under scour of groyne head by 1 
to 1.5 m, but hole formed was 
not enough to cause tipping or 
excessive settlement due to 
linking together of the CRI’s and 
mattress. 

This model arrangement is now 
close to what a prototype could be 
constructed from. The groynes at 
75m and sub-groynes" in between 
are showing real promise in slowing 
and exchanging berm flow with 
some loss of bank at the active edge, 
but this is considered to be tolerable 
for the size of event modelled. Both 
full length permeable groynes 
(Heaped and tied tree debris with 
side planting) and a mixture of 
earth bank and permeable groyne 
perform well. Rope and rail at acute 
angle along berm was not included 
in this run and no undue adverse 
effect was evident. Questionable 
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channel. Rope and rail only placed 
at 90 degrees to flow, no long rope 
and rail at acute angle as in other 
runs. Left bank and upstream of 
critical reach all as previous. Berm 
planting with 4 rows trees at 4m 
spacing. Started with complete 
new bed re-grade. 

at the lower recession flows, 
slowing and deflecting flow.  
 
No discernable difference in 
permeable v's impermeable 
arrangement  in terms of bank 
scour effects. Layered trees 
against the groyne head were of 
benefit in restricting the bank 
scour and worth including in 
prototype. 

whether this arrangement  is of 
value. Better to use the rope and 
rails to tie down the permeable tree 
groynes. Upright arrangement of 
CRI’s on base at groyne head is 
working well. Key to success is 
tying together, and allowing them 
to flex and drop into scour hole. An 
arrangement like a backbone looks 
very promising if this can be 
replicated in the field.  

28 12 August 2005  
100 year 
hydrograph 
with 2 year 
flow start-up 
the day before.            

Similar set up to Run 27. Main 
windrows at 75m centres and 
single intermediate in between. 
Tied trees in between to represent 
existing field conditions. Concrete 
groynes at heads using CRI’s with I 
sections in between as stabilizers 
(in lieu of mattress). Tree debris / 
filters placed on downstream side 
of groyne head in an effort to better 
control erosion. All permeable 
windrows, no earth mounds.  

Good performance retained 20 to 
23 metres berm equivalent. 
Groynes showed more loss of 
berm upstream than downstream 
indicating the effectiveness of the 
debris / filters. CRI arrangement 
performed well, articulation 
works OK.  

Some under-scour at XS7 + 150 
but no rotation of CRI’s.  

See above 
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APPENDIX 3: Photos at selected locations for different model runs. 
 

Run 3: Up to 100 year flood  

  

CRI‟s not linked together Start of flood 

  

  

Peak discharge, 100 year flood Recession, with total loss of berm after 
outflanking of hard edge lining 

  

 
 

CRI‟s settled, outflanked Note bed forms less pronounced in later 
model runs 



 73 

 

Run 4: Up to 100 year flood  

  

CRI‟s placed along edge, not linked 
together 

Effectiveness of sticks and permeable 
groynes to retard berm flows 

  

  

Debris collected on permeable groyne, 
bank eroded CRI‟s settled to bed. 

CRI protection outflanked, berm lost 
completely 

  

  

Berm eroded, CRI‟s ineffective lying on 
bed. 

Extensive use of CRI‟s, 2 high plus 
limestone. 
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Run:6 Up to 100 year flood  

  

CRI‟s placed 3 high plus A-jacks, 
limestone to form extensive, heavy 
protection. 

Extensive protection works taken down 
to anticipated scour depth and covered 
by sand prior to flood. 

  

 
 

Flow at mean annual flood level Spur banks effective but require 
substantial protection works at active 
channel edge. 

  

  

Bed scour, settlement of units, loss of 
berm. 

 Deep bed scour and settlement of 
protection works (A-Jacks) 
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Run:8 Up to 100 year flood  

  

Full edge protection, similar to Runs 6 
and 7. Start of flow. 

Near peak flow. Edge performing well at 
this stage.  

  

  

Recession with flow convergence just 
above bridge. 

Later, with recession and flow 
convergence just above bridge 

  

  

Final stages of recession, right branch 
almost blocked by centre bar. 

Bed form at cessation of flow. 
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Run:8 continued   

  

Left bank rope and rail deflecting flow. Downstream migration of bar showing 
rolling effect of bed observable after a 
flood. 

  

  

Bed after run with less exaggerated bed 
forms than earlier runs. 

Bed movement on recession has started 
to fill the scour trench formed during the 
peak flow. 

  

  

Sand bar in centre formed during 
recession of flood. 

Sand bar in centre formed during 
recession of flood. 
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Run:9 Up to 100 year flood  

  

More basic arrangement with 
significantly less edge protection than 
previous runs. 

Flow splitting with progression of sand 
bar puts pressure on bank at confluence. 

  

  

Loss of berm with outflanking of hard 
edge protection. 

Low spur banks effective for a while in 
preventing total loss of berm. 

  

  

Berm eroded, CRI‟s ineffective lying on 
bed. 

Outflanking of edge protection with full 
loss of berm occurring rapidly. 
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Run:10 Up to 100 year flood  

  

Spur banks at 150 m, retards at 25m 
plus lateral retards. 

Layout looking upstream. 

  

  

Flow effects at retards Failed spur bank due to concentration of 
flows at the bank. 

  

  

Complete loss of berm. Berm loss from upstream, with channel 
infilling during recession. 
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Run: 11 and 12. Up to 100 year flood  

  

CRI‟s placed in trench, tied back into 
berm. Spur banks at 75m. 

Trenched-in and tied back trees. 

  

 

 

Spur banks at 75m and tied back CRI‟s Flow just over berm, tied back groynes 
beginning to scour. 

  

  

Tied tree debris, slowing the flow but 
experiencing scour resulting in loss of 
berm. 

Eventual failure of berm, with beach 
opposite maintaining flow pressure on 
the bank. 
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Run: 13. 10 to 20 year flood  

  

Windrow banks at 30m, impermeable 
groynes between, tied trees 

Rising stage 

  

 
 

Initial stages, bed scour occurring along 
edge of berm. 

Pressure on bank during recession as 
beach builds up. 

  

  
Effect of scour and lateral erosion Break up of groynes, loss of berm  

  



 81 

Run: 17. 10 year flood  

  

H unit mattresses. These settle well but 
have a low deflection effect. 

H units and I units different 
arrangements 

 Run 18. Up to 100 year flood 

  

Units settling well, but lose effectiveness 
in deflecting flow. 

Units settling well, but lose effectiveness 
in deflecting flow. 

Run 18  

 
 

Significant berm erosion, H and I units 
ineffective lying on bed. 

End of 100 year flood hydrograph. 
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Run: 19. (3 year flood followed by 100 
year flood) 

 

  

Vertical I units placed on mattress of H 
units. 

Row of close spaced poles to deflect 
flow and break up eddy at groyne toe 

  

  

After the 3 year flow.  Bed form prior to the 100 year flood. 

  

 
 

Significant bed scour but lateral bank 
scour limited by strengthening work. 

Channel post flood with sand bar on right 
formed during the run. Area under a lot 
of pressure from river. 
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Run: 20, Up to 100 year flood (bed 
remaining from run 19) 

 

  

Groyne 1 remaining from Run 19 Groyne settled with scour, remained 
functional. 

  

  

Debris collected on permeable groyne, 
effective at slowing berm velocities 

Some loss of berm after severe test but 
still managed to hold a significant portion 
of the berm. 

  

  

Layout of groynes and permeable 
groynes and retards, similar to eventual 
solution.  

Groyne arrangement successful and still 
operational. 
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Run: 21 Up to 100 year flood  

  

Spur banks with concrete groyne at head 
below bed. (Limestone is cover control in 
model) 

Spur banks at 75m centres and 
permeable retards across berm. Sticks 
representing tree lining. 

  

  

Berm loss along the critical length with 
groynes still achieving deflection effect.   

Groynes settled but still upright. Out 
flanking at the root is a concern 

  

  

Groyne remained functional although 
outflanked. 

Groyne, rotated I‟s and C‟s. Important to 
be well anchored back into the berm. 
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Run: 22  

  

Spur banks with groynes, windrow and 
tied back trees 

Some berm loss along critical length, 
greater than Run 18, about the same as 
Run 21. 

Run 23  

  

A 100 year design flood. Embayment at 
groyne head.. 

Critical area with beach forming on 
recession putting pressure on the bank. 

  

  

Embayment at groyne head. Bank erosion and deep scour in channel. 
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Run:26  

  

CRI‟s placed onto H units, tied together 
to form a base. 

Flat base prone to overturning 

Run 27 100 year with 5 year on 
recession. 

 

  

With extended flood, beach moved 
across to berm almost filling in the scour 
hole 

Deep scour hole, groyne units tied 
together and remained effective 

Run 28 A 2 year flood followed by a 
100 year. 

 

 

 

Groyne head with tree debris to control 
downstream scour at head. 
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Run: 28  

  
Some break through of groyne and back 
eddy effects. 

Effectiveness of tree debris and trees 
tied down around groyne head. 

  

  

Post flood, retards and groynes effective 
in preventing total loss of berm.. 

Dense tree planting assisted to reduce 
scour at groyne head.  
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APPENDIX 4: Prototype Construction 
 
The following photographs show some of the concrete work and concrete groynes as 
they were manufactured and constructed in the field. Construction, which is over 
several seasons, has had to cope with a range of weather and river conditions.  

 

Figure 40: C Units 

Figure 40 shows the final configuration of the interlocking units placed between the 
Rotated I‟s. For ease of manufacture, cost considerations and construction purposes 
the C units were a rationalization of the I and H units used in the modelling. 
 

  

Figure 41: Rotated Concrete I Units 
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The concrete Rotated I Units shown in Figure 41 stand 2.5 m high and weigh 8 
tonnes. The hole through the centre is for threading the wire rope connecting the 
units together. Holes need to be placed in two principal directions to allow the units to 
be placed facing different ways. In practice this was easy to achieve, although it did 
require careful sorting of units prior to placement. 

  

Figure 42: Groyne in place 

Figure 42 shows the groyne with the river end placed at bank level and the land end 
rises to project above the berm by about half the height of the units. Live willow trees 
are laid and tied alongside to assist with local scour effects. This was a successful 
technique in the modelling. Gravel / silt is pushed back over the groyne to form a low 
deflection bank. 
 

 

Figure 43: Groyne looking landward. 
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Figure 44: Groyne, construction possible in the water. 

Not all sites were ideal from a construction point of view, however dedicated 
construction teams have developed a technique for managing construction in 
adverse conditions. 
 

  

Figure 45: Flooded river before groynes established 
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Figure 46: End of groyne submerged by floodwaters. 

 
 

 

Figure 47: Groyne with small flood in river 

Experience to date with constructing the groynes is that they are relatively 
straightforward to manufacture and erect. The effect of flooding on partly established 
groynes has been limited to a nuisance only with groynes performing well. 


