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Appendix 1: Geomorphological Basis of the Outline Design for the 

Shopham Loop Restoration 
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1. INTRODUCTION 
 

In this section of the report, the methods used to inform the outline design of the channel 

morphology for the restored Shopham Loop are detailed and discussed. In essence, the 

methodological approach initially involved the application of a range of standard geomorphological 

techniques in conjunction with evidence available from topographic surveys and former channel 

dimensions extracted from historical maps, to estimate planform alignment and gross channel 

dimensions (Sections 2.1 to 2.3 of this Appendix). These data were then used to undertake 

geomorphic simulations to estimate the detailed variation in channel morphology (bed topography) 

at a series of cross-sections through the restored Loop (Section 2.4 of this Appendix). These 

simulation results provide a series of detailed cross-sections that represent the anticipated 

equilibrium form of the restored channel, and it is these data that were used in the hydraulic 

modelling exercises undertaken to assess the impact of the restoration on flood levels (see Appendix 

2). It is important to emphasise that the equilibrium morphology is quite diverse in terms of the 

spatial variability of bed topographic features and it is not practicable to construct this morphology 

during the restoration itself. Instead, it is envisaged that the restoration will involve the construction 

of a simplified channel morphology, based on the simulated features, but taking into account 

practical constraints. The constructed reach would then undergo adjustment, through natural 

processes of erosion and deposition, evolving towards the modelled equilibrium morphology. 

Accordingly, the outline design (Section 2.5 of this Appendix) developed herein to guide the 

construction of the restored channel is based on the simulated idealised geomorphology, taking into 

account constraints posed by practical issues of channel construction and spoil disposal. In this 

Appendix, consideration is also given to the sustainability of the restoration design, particularly in 

terms of the potential of the restored reach to create appropriate physical habitat (Section 3.1 of this 

Appendix), but also in terms of the potential for the restoration to trigger problems of erosion and 

sedimentation, both within Shopham Loop (Section 3.2 of this Appendix) and in the Rother in the 

vicinity of the Loop (Section 3.3 of this Appendix).  

 

 

2. GEOMORPHOLOGICAL BASIS OF THE RESTORATION DESIGN 
 

2.1 Channel Planform 

 

Selection of the planform aligment for the restored Shopham Loop was a straightforward task. 

Existing and historical map records both indicate that the present-day Shopham Loop, while 

considerably infilled by relatively fine-grained sediment deposition, represents a former (pre-

canalisation) meandering course of the River Rother (Figure 1). Reoccupation of this former course 

is aesthetically attractive and logistically simple in that this planform clearly represents the ‘natural’ 

pre-disturbance (pre-canalisation) planform of the Rother and restoration of flows through the 

restored Shopham Loop would also considerably simplify the excavations required to construct the 

restored channel.  

 

However, while the Shopham Loop clearly does represent the pre-disturbance planform, it should 

be emphasised that changes in climate and, arguably more importantly, catchment land use, have in 

recent years considerably accelerated the delivery of fine-grained sediments from the catchment 

upstream. Consequently the former catchment boundary conditions that provided the hydrological 

and sediment regime that created the pre-disturbance course of the Rother through the Shopham 

Loop no longer exist. It is recognised that a restoration strategy based on reoccupation of the former 

course of the Shopham Loop therefore has the potential to create a channel planform that is out of 

regime with present-day catchment boundary conditions. The specific concern is that high levels of 

contemporary fine-grained sediment delivery from eroding hillslopes in the catchment might 

generate excessive in-channel deposition. In principle, the restored channel would therefore be 
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expected to respond by increasing its gradient (i.e. decrease its sinuosity, probably through channel 

avulsions cutting-off meander bends) to increase transport capacity to regain equilibrium with the 

prevailing catchment sediment supply. In fact, these concerns are unfounded as the nature of the 

topographic constraints involved in restoring flows to the Shopham Loop are such that the gradient 

through the Loop can be increased and fixed artificially (see Section 2.3 of this Appendix). As 

detailed in Section 3 of this Appendix, the potential for catastrophic planform readjustment post 

restoration is, therefore, in fact very low. 

 
 

 
Figure 1. Location map of Shopham Loop and the River Rother showing the former course of the 
Rother through the Loop and the proposed alignment of the restored channel. 

 

 

While the principle of recoccupying the former course of the Rother through the Shopham Loop is 

in general conceptually straightforward, particular consideration must be given to the alignment of 

the inlet and outlet sections of the restored reach (i.e. the junctions of the restored reach with the 

existing Rother). In particular, close to the upstream limit of the present-day Loop, the former 

course of the Rother (identifiable on historical maps and in the field as a shallow depression in the 

floodplain) crosses the site of brick pilings associated with structures on the former canal. These 

structures are of archaeological interest and reoccupation of this part of the Loop would result in 
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their destruction. In any case, Figure 1 also clearly shows that the former course is, in relation the 

present-day Rother at this location, excessively sinuous. Accordingly, it was decided that the inlet 

of the restored channel would be aligned as indicated on Figure 1. This alignment was selected 

because it takes advantage of the pre-existing left-hand curvature of the bend upstream on the 

Rother to provide a non-abrupt transition between the Rother and Shopham Loop. 

 

2.2 Gross Channel Dimensions: Bankfull Width and Mean Flow Depth 

 

Having determined that the planform alignment of the restored channel would reoccupy the former 

course of the Rother through Shopham Loop, selection of the gross channel dimensions (bankfull 

width and mean depth) of the restored channel followed a similar rationale in that these were based 

on the pre-disturbance dimensions of the former channel through the Loop. These were estimated 

via analysis of existing cross-section morphology as determined through a channel survey 

undertaken in November 2002. From these surveys, together with analysis of large scale historical 

maps of the pre-disturbance planform, it is clearly evident that the bankfull width of the former 

Rother is approximately 11.0 m. Due to substantial infilling as a result of fine-grained sediment 

deposition in the loop, evidence of the former depth of the channel is obscured. Nevertheless, the 

form of the cross-sections in the surveys indicates that infilling has occurred primarily through 

vertical accretion on the bed, from which the former depth of the channel can be inferred by 

extrapolating the lines of the banks down to their intersection points (Figure 2). Based on this form 

of analysis at all of the surveyed cross-sections on the loop, the former mean channel depth was 

estimated to be about 2.0 m.  

 

 
Figure 2. Representative cross-section (blue diamonds) from Shopham Loop (November 2002 
topographic survey). The bankfull width (11.0 m) is clearly defined, while extrapolation of the bank 
profiles (black lines) below the level of the channel fill of fine-grained sediments indicates that the 
pre-disturbance depth of the channel is about 2.0 m. 

 

2.3 Selection of Channel Gradient and Hydraulic Roughness 

 

In river restoration projects where the river has a defined planform, as is the case here, the channel 

gradient can be readily estimated by determining the valley gradient and sinuosity of the restored 

channel. In this case, the channel length of Shopham Loop is approximately 790 m, over a down 

valley distance of about 400 m, indicating that the mean sinuosity of the restored loop is about 2.0 

(see Figure 1). Since the valley gradient (Sv) is essentially a constant and is also known from the 

November 2002 topographic survey (Sv = 0.001), the regime gradient of the loop can be estimated 
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to be 0.0005 (since sinuosity is defined by the ratio of channel to valley gradients). However, as 

discussed previously, in reality this gradient would be too shallow to provide sufficient sediment 

transport capacity to convey the elevated sediment loads delivered from the contemporary 

catchment. The design of the channel gradient through the loop was therefore developed by 

increasing the channel gradient through the loop to a value of 1:1200 (S = 0.00083), which is 

approximately equivalent to the value of the mean valley grade measured along the line of the loop. 

This does, however, imply that the bed of the canalised Rother is considerably lower (3.8 m AOD) 

than the bed at the proposed outlet of the loop (4.7 m AOD). Accordingly, it is necessary to 

construct a control invert in place to prevent knickpoints migrating upstream through the restored 

reach. 

 

Hydraulic roughness of the restored channel was determined by considering the nature of the shape 

of the channel and the texture of the bed sediments, together with the character of the floodplain and 

riparian vegetation. Estimates of the Manning ‘n’ roughness parameter (n = 0.040 in the simulations 

undertaken herein) were developed by Dr Karen Fisher as part of the hydraulic analysis undertaken 

by this project, and is discussed fully elsewhere in this report (see Appendix 2). This estimate of the 

Manning ‘n’ roughness was then converted to a Darcy-Weisbach friction factor (f = 0.10), the 

roughness parameter used in geomorphic modelling (see Section 2.4 of this Appendix), using the 

estimated mean flow depth (2.0 m, see Section 2.2) in the restored reach. 

 

2.4 Determining the Regime Bed Topography in the Restored Channel 

 

While the analyses undertaken in the preceding sections provide insight into appropriate values of 

the appropriate mean flow depth, bankfull width and planform alignment for the restored channel, 

they do not provide any insight into the nature of the detailed variation of cross-section shape 

through the loop. In fact, considerable variations in cross-section morphology would be both 

anticipated and (for reasons of physical diversity) desirable, given the sinuous nature of the restored 

reach. Thus, cross-sections in the restored channel would be expected to vary in shape as a 

systematic function of changing bend curvature throughout the loop. Specifically, one would expect 

to find a consistent variation in cross-section form through the meander crossings (relatively 

trapezoidal channel form) to the bend apex (sloping transverse slope with a shallow point bar on the 

inner bank and a deep pool near the outer bank. To address this issue, geomorphic modelling was 

undertaken to predict the variation of cross-section morphology through the bends of the Shopham 

Loop. The key issue, therefore, is to select an appropriate model for this purpose. 

 

Model Selection 

While a universal theory of meander formation remains elusive, numerous empirical (e.g. Leopold 

and Wolman, 1960; Keller, 1972; Hickin and Nanson, 1975, 1984; Thorne and Lewin, 1979; Hooke 

and Harvey, 1983; Markham and Thorne, 1992) and theoretical investigations (e.g. Ikeda et al., 

1981; Blondeaux and Seminara, 1985) have provided insight into the processes governing meander 

morphology. It is now well understood that channel curvature produces secondary currents and a 

transverse sloping channel bed, along which the depth increases towards the outer bank (Rozovskii, 

1961; Allen, 1970; Engelund, 1974; Bridge, 1992). The deep pools that can develop adjacent to the 

outer bank, in conjunction with direct shear erosion of bank toe materials by the flow (which is 

often most rapid near the outer bank) promote bank undermining and collapse. This explains why 

bank erosion rates are most rapid on the outer bank just downstream of the bend apex, which causes 

migration of the meander form in both cross- and down-valley directions (Nanson and Hickin, 

1986; Howard, 1992; Sun et al., 1996). 

 

Several models have been developed to describe the interaction between flow, sediment transport, 

and bed topography in curved channels. All these models utilise a force balance on moving bed load 

grains, coupled to a description of the downstream and transverse velocity field. They differ 
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primarily in the ways in which they make simplifying assumptions regarding the terms in the 

equations of depth-averaged fluid motion, in the vertical profile of downstream flow velocity, in the 

description of secondary flow, and in the force balance on bed load grains (Bridge, 1992). While 

initial efforts at modelling equilibrium bed topography in bends were restricted to steady, uniform 

bend flow (e.g. Rozovskii, 1961; Engelund, 1974; Falcon and Kennedy, 1983), more recent efforts 

have been directed to the case of nonuniform flow (e.g. Engelund, 1974; Struiksma et al., 1985; 

Odgaard, 1989; Johannesson and Parker, 1989a). In addition, efforts have also been made to include 

the effects of grain-size sorting within the analysis (e.g. Allen, 1970; Parker and Andrews, 1985; 

Bridge, 1992).  

 

The model by Bridge (1992), which describes the interaction of fluid flow, sediment transport, bed 

topography and grain-size sorting in river bends is probably the most comprehensive treatment of 

the question of equilibrium bed topography in meander bends to date. The main advantages of the 

Bridge (1992) model relative to other models relate to the specification of forces acting on bed load 

grains, prediction of local mean bed load grain size, and the explicit analysis of the effects of bed 

load size sorting on three-dimensional bed topography (Bridge, 1992). However, there are still some 

limitations with the model, especially in the formulation of the flow submodel. For example, Bridge 

(1992) treats the convective acceleration terms in the governing equations of fluid motion as second 

order, despite evidence that the terms are of first-order significance (Dietrich and Smith, 1983; 

Smith and Mclean, 1984; Nelson and Smith, 1989). Whatever the merits or dismerits of the various 

submodels used, Bridge (1992) and Darby and Delbono (2002) have undertaken comprehensive 

analyses of the predictive ability of the Bridge (1992) model. The results indicate that overall the 

model performs quite well (Bridge, 1992). Moreover, although the theoretical basis of the model 

(see below) is moderately complex (see next section), parameterisation of the model is relatively 

straightforward in that the relevant data are based on readily measurable properties of the planform 

shape and roughness of the channel, as determined in the preceding sections. For all these reasons, 

the Bridge (1992) bed topography model was selected for use herein. A description of the 

theoretical basis of the Bridge (1992) model is now provided. 

 

 

 
 
 
Figure 3. Definition diagram for coordinate system and key parameters used in the Bridge (1992) 
model. 
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Theoretical Basis of Bridge’s (1992) Model 

The basic governing equation is the force balance on a moving bed load grain in the s-n plane 

(Figure 3). For the s- and n-directions Bridge (1992) gives this balance as: 

 

 FDs = (W – FL)  (1) 

 

 FDs tan * + W tan  = (W – FL) tan  (2) 

 

where FDs is the downstream drag force, FL is the lift force, W is the immersed grain weight,  is 

the dynamic friction coefficient, * is the angle between the resultant drag force on the grain (FD) 

and the downstream (s) direction (tan* = FDn/FDs),  is the transverse bed slope and  is the angle 

between the bed load grain path and the downstream direction (tan = in/is, where i is the 

volumetric unit bed load transport rate). Bed topography across an individual cross-section in a 

bend is obtained “simply” by solving equations (1) and (2) for the angle . It is, therefore, 

necessary to develop submodels for the downstream and transverse flow velocity distributions and 

the resulting downstream and transverse bed load fluxes in order to estimate the relevant lift and 

drag forces, as well as the angles * and . On Figure 3, note that the angle  is the angle between 

the direction of the bed shear stress and the downstream direction (tan = Ubn/Ubs = n/s, where Ub 

is the flow velocity at the mean level of bed load grains and  is the bed shear stress). 

 

In developing an expression for the fluid drag, Bridge (1992) assumed that the drag coefficient and 

area of the bed load grains exposed to drag are identical to those on a grain at its settling velocity Vz 

(Bridge and Dominic, 1984). He then used expressions for the fluid lift force derived by Bridge and 

Bennett (1992) to rewrite equations (1) and (2) as follows: 
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where Ubs is the downstream flow velocity at the mean level of the bed load grains, Vs is the 

downstream bed load grain velocity, Vz is the terminal settling velocity which is calculated using 

the model of Dietrich (1982), B is a coefficient of turbulence anisotropy (Bridge and Bennett, 

1992), U*c is the critical shear velocity and E is given by: 
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Calculation of tan in equation (4) requires definition of the s and n components of flow velocity at 

the bed and a refined expression for this term is presented later. However, as explained below, the 

iterative modelling procedure requires an initial estimate of this parameter. Bridge (1992) based this 

initial estimate on the method of Kikkawa et al. (1976) in which primary and secondary flow 

velocities are calculated for steady, uniform curved flows. In this method, the vertical distribution 

of transverse velocity is calculated for the case of a wide channel (width w << centreline flow depth 
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do) with a large radius of curvature away from the channel banks (not within approximately 0.1 w or 

d of the banks). Under these conditions, the equations of motion can be greatly simplified because 

vertical flow components can be ignored, partial derivatives with respect to the local radius of 

curvature (r) are small compared to those with respect to z, and Un components are small compared 

to Us components (Bridge, 1992). Bridge (1992) went on to use the law of the wall for hydraulically 

rough channels to determine the near-bed value of Us, eventually yielding the following formula 

used to estimate the initial value of tan : 
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where d is the flow depth,  is the Von Karman constant (taken to be 0.4) and U*o is the centreline 

shear velocity. Bridge (1992) states that the assumption of hydraulically rough flow in equation (6) 

is appropriate for plane beds of coarse sand and gravel, such as are likely to be encountered in the 

restored Shopham Loop. 

 

As with the initial estimate of tan , the modelling procedure formulated by Bridge (1992) requires 

a first approximation of the bed topography. This is based on the model of bed topography for 

steady, uniform flow developed by Engelund (1974). This model is applied to the case where the 

centreline radius of curvature (ro) varies according to the sine-generated curve: 
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where rom is the minimum radius of curvature at the bend apex and M is the channel length along 

the centreline (s direction) in one wavelength. This eventually gives (Bridge, 1992): 
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where do is the centreline flow depth, r = ro + n and c = AE [see Bridge (1992) for a description of 

the parameter A]. While recognising that equation (8) has been shown to predict bed topography 

reasonably well in a number of different channel bends, Bridge (1992) argued that it was necessary 

to revise the foregoing descriptions of flow, sediment transport and bed topography because the 

flow in bends with varying curvature is nonuniform. The equations of motion for steady, 

nonuniform flow are (Smith and McLean, 1984; Odgaard and Bergs, 1988; Johannesson and Parker, 

1989b): 
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where  is the boundary shear stress,  is the fluid density, g is the gravitational acceleration and h 

is the water surface elevation. Bridge (1992) argued that in most natural bends, r is normally at least 

an order of magnitude greater than d, the maximum n value = w/2 is an order of magnitude less than 

the s distance between crossovers, and sU is at least an order of magnitude greater than nU . As a 
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result, the first and last three terms in equation (10) are usually at least an order of magnitude less 

than the second and third terms, so that the following is an acceptable simplification: 
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This is a simple balance between the centrifugal force and cross-stream pressure gradient. Bridge 

(1992) then introduced the substitution )1( uUU sos  and integrated equation (11) to give: 
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where ho is the water surface elevation at the centreline where n = 0, and u is a small increment of 

dimensionless velocity of the order n/ro (Bridge, 1992). 

 

In order to enable analytical solution of the equations of motion, Bridge (1992) retained only the 

first three terms of equation (9). This is the key limitation of the model referred to previously. The 

main criticism of neglecting the remaining terms in equation (9) is based mainly on scaling 

arguments (Smith and Mclean, 1984; Nelson and Smith, 1989) and empirical evidence (Dietrich 

and Smith, 1983; Dietrich and Whiting, 1989) that all the terms in equation (9) are of the same 

order of magnitude. Bridge (1992) justified neglecting these terms on the basis that this enables 

analytical solution, arguing that the validity of the simplification can be judged through the 

performance of the model, which he found to be good. With the simplifying assumption, an 

approximate equation of motion in the s- direction can be written: 
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Bridge (1992) linearized this equation, and since gh is given by equation (12) and assuming 

0/  sU so  (i.e. bankfull width and mean depth do not vary in the downstream direction, as is the 

case here) he obtained: 
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where f is the Darcy-Weisbach friction factor. This is solved using: 
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where a and b are given by: 
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The next step is to calculate the mean transverse velocity component son UU / , which Bridge 

(1992) calculated from the flow continuity equation: 
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By linearizing this equation, and using the solution of equation (14), Bridge (1992) was then 

able to obtain the following expression: 
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He then went on to use the value of  calculated in equation (19) to estimate tan  in equation (4): 
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To solve for the stable bed topography, the sediment continuity equation (in orthogonal curvilinear 

coordinates) is written: 

 0









r

i

n

i

s

i

r

r nnso  (21) 

 

Bridge (1992) continued by expressing the volumetric sediment transport rate as: 

 

 )1()1( puu
U

U

i

i p

p

so

s

so

s 












  (22) 

 

where p is an empirically-derived exponent that varies between values of about 3 and 4.5 (Bridge, 

1992). He then obtained an expression for the cross-stream component of i by substituting equation 

(22) into equation (21):  

 

 n
s

u
pi

r

r
i so

o
n 




  (23) 

 

From the definition of tan  = in/is and equations (4) and (5), this implies that: 
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Bridge (1992) noted that the value of d in equation (24) is the corrected value of bed topography, 

which is different from the first approximation (equation 8) by an amount d. He combined 

equation (24) with equation (20) and linearized to obtain: 
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In turn, equation (25) is then combined with equation (23) to yield: 
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where: 

 

 



































2

2

2

2
sin

2
cos

w
n

M

s
b

M

s
a

M
n

s

u 
 (27) 

 

Equation (26) represents the model of bed topography developed by Bridge (1992). This equation is 

integrated numerically, with the constant of integration being obtained such that the mean depth at 

each cross-section does not change (Bridge, 1992). It should also be noted that n /  and in = 0 at 

the walls, where n = w/2. 

 

Application of Bridge’s (1992) Model to Shopham Loop 

The Bridge (1992) model provides predictions of cross-section profiles located through an 

individual meander bend, based on a set of defined input data parameters. To determime the 

detailed variation in cross-section morphology through the restored reach, Shopham Loop was 

therefore divided into a series of 14 discrete segments (see Figure 1) comprising a sequence of 8 

individual bends connected by 6 straight (meander crossings) reaches connecting the bends. Bridge 

(1992) model simulations were undertaken in each of the 8 bends to predict cross-section 

morphology through the bend (see Figure 1 for the locations of the modelling cross-sections). 

Modelling was not required in the 6 meander crossing reaches. Consistent with crossings observed 

in nature, these straight reaches were assumed to comprise a trapezoidal form with width and depth 

as described previously. Bank slopes of the trapezoidal cross-sections were arbitrarily assumed to 

have a grade of about 2:3.  

 

For the simulations undertaken in the 8 bend reaches, parameter values appropriate for the specific 

local characteristics of each bend were selected (Table 1). In practice, constant values of bankfull 

width, mean flow depth, channel gradient and Darcy-Weisbach friction factor were used in all the 

simulations, with the values determined as set out in the preceding sections (see Table 1). In 

contrast, meander wavelength and sinuosity parameter values were varied for each individual bend 

(Table 1), being estimated based on the planform morphology as shown on Figure 1. The remaining 
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parameter values listed in Table 1 were assumed to have uniform values through the study reach, 

with their values selected based on experience in using the model at similar sites elsewhere (see 

Darby and Delbono, 2002). In any case, this is not a major limitation as sensitivity tests have 

indicated that model output is much more sensitive to variations in the previously described 

morphological parameters than these other parameters. In essence, the parameter values listed in 

Table 1 highlight the point that the model output varies from bend to bend as a result of the locally 

variable channel curvature defined by the specific alignment of the restored channel (Figure 1). 

 

Modelling Results  

Results of the model simulations are illustrated in Figure 4. These diagrams show the cross-profiles 

of both the simulated (bend) and reconstructed (meander crossings) cross-sections, with the location 

of the cross-section (in terms of distance upstream from the outlet of the loop) also indicated. The 

simulated cross-profiles clearly show how the effects of the planform curvature will force the 

channel to adjust to create a series of shallow point bars on the inner banks of bend apices, with 

deep scour pools forming near the outer banks of bend apices. This is entirely consistent with what 

one would expect to find in a low-energy meandering river in lowland Britain. Flow depths in the 

pools at meander apices vary from about 3.0 to 3.5 m, considerably deeper than the estimated 2.0 m 

mean flow depth at the sites of meander-crossings (i.e. in the straight connecting reaches between 

bends). Nevertheless, the spatial variation in cross-section morphology is not abrupt, with a 

relatively smooth transition between the topographic highs (riffle sections) in the meander crossings 

and the deep scour pools in the meander apices. Within meander bends the transverse side slopes 

created by the deposition of the point bar on the inner bank and the scour pool at the outer bank also 

varies smoothly from the relatively steep transverse slopes located at bend apices to the nearly flat 

beds simulated at bend entrances and exits, and at the crossing points between bend entrances and 

exits. The restored channel is therefore anticipated to have a classic meandering form, with 

considerable diversity in terms of the pattern of flow depth (and flow velocity) variation through the 

reach. The nature of the physical habitat that will be formed after restoration is discussed in more 

detail in Section 3. 

 

2.5 Final Outline Restoration Design 

 

While the morphology predicted by the model and outlined in the preceding sections is believed to 

be a good representation of the target equilibrium morphology associated with the restored reach, 

the level of local spatial variability in the morphology presents real challenges to the actual 

construction of the channel. Accordingly, a compromise design – based on the modelled 

geomorphology, but logistically feasible to construct – is required. Fortunately, a reasonable 

compromise is readily achieved by deriving a representative morphology for bend apices and 

meander crossings and assuming that there is a smooth transition between these sections. 

Furthermore, close inspection of the different simulated bend morphologies illustrated in Figure 4 

indicates that there is only a relatively small variation in bed topography between the 8 bends 

analysed herein. For example, the majority of the simulated bends have scour pool depths very 

close to 3.5 m, while the minimum scour pool depth (3.0 m) is also reasonably close to this value. 

Accordingly, it appears appropriate to select a representative bend apex scour pool depth of 3.5 m. 

While the selection of a single cross-section to represent the morphology of all the individual bends 

inevitably implies that the constructed channel form will locally diverge from that predicted by the 

model in individual bends, the magnitude of the divergence is therefore actually quite small. With a 

constant bankfull width of 11.0 m throughout the reach, a compromise design that can readily be 

constructed is illustrated in Figure 5. This is the outline design that we recommend should be 

adopted for this project. 
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Table 1. Parameter values used in the Bridge (1992) model simulations of curved reaches of the Shopham Loop. See Figure 1 for locations of 
modelled reaches and cross-sections. 
 

Parameter Reach 2 Reach 4 Reach 6 Reach 8 Reach 9 Reach 11 Reach 13 Reach 15 
ID Codes of Simulated Cross-Sections XS36-XS39 XS32-XS34 XS28-XS30 XS22-XS26 XS19-

XS21 

XS13-XS17 XS7-XS11 XS1-XS5 

Channel width (m) 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 

Meander wavelength (m) 256.0 66.2 51.0 166.6 54.6 74.4 159.8 241.4 

Sinuosity
 
 1.24 1.04 1.04 1.21 1.04 1.27 1.13 1.44 

Mean depth (m) 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 

Channel gradient
 
 0.00083 0.00083 0.00083 0.00083 0.00083 0.00083 0.00083 0.00083 

Darcy-Weisbach friction coefficient 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

Maximum value of B in suspension 

criterion 

0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Fluid density (kg/m
3
)

 
 1000 1000 1000 1000 1000 1000 1000 1000 

Von Karman constant 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Kinematic viscosity (m
2
/s)

 
 0.000001 0.000001 0.000001 0.000001 0.000001 0.000001 0.000001 0.000001 

Sediment density (kg/m
3
)

 
 2650 2650 2650 2650 2650 2650 2650 2650 

Dynamic grain resistance coefficient 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 

Static grain resistance coefficient 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 

p in bed load transport equation 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 

Ratio of bed shear stress at bed form 

crest to spatial average used to calculate 

bed load grain size 

1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
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Cross-Section 2 (50 m)
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Cross-Section 3 (80 m)
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Cross-Section 4 (110 m)
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Cross-Section 5 (140 m)
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Cross-Section 6 (175 m)

4.00

5.00

6.00

7.00

8.00

-8.00 -6.00 -4.00 -2.00 0.00 2.00 4.00 6.00 8.00

Distance from Centreline (m)

B
e

d
 E

le
v
a
ti

o
n

 (
m

 

A
O

D
)

 

Cross-Section 7 (211 m)
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Cross-Section 8 (230 m)
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Cross-Section 9 (248 m)
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Cross-Section 10 (267 m)
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Figure 4 (continued). Estimated equilibrium morphology of the restored Shopham Loop 
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Cross-Section 11 (286 m)
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Cross-Section 12 (310 m)
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Cross-Section 13 (335 m)
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Cross-Section 14 (344 m)
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Cross-Section 15 (354 m)
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Figure 4 (continued). Estimated equilibrium morphology of the restored Shopham Loop 
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Cross-Section 16 (356 m)
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Cross-Section 17 (366 m)
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Cross-Section 18 (396 m)
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Cross-Section 19 (415 m)
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Cross-Section 20 (425 m)
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Figure 4 (continued). Estimated equilibrium morphology of the restored Shopham Loop 
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Cross-Section 21 (435 m)
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Cross-Section 22 (445 m)
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Cross-Section 23 (464 m)

3.00

4.00

5.00

6.00

7.00

8.00

-8.00 -6.00 -4.00 -2.00 0.00 2.00 4.00 6.00 8.00

Distance from Centreline (m)

B
e

d
 E

le
v
a
ti

o
n

 (
m

 

A
O

D
)

 

Cross-Section 24 (485 m)
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Cross-Section 25 (503 m)
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Figure 4 (continued). Estimated equilibrium morphology of the restored Shopham Loop 
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Cross-Section 26 (524 m)
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Cross-Section 27 (554 m)
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Cross-Section 28 (570 m)
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Cross-Section 29 (585 m)
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Cross-Section 30 (600 m)
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Figure 4 (continued). Estimated equilibrium morphology of the restored Shopham Loop 
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Cross-Section 31 (617 m)
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Cross-Section 32 (633 m)
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Cross-Section 33 (650 m)
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Cross-Section 34 (667 m)
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Cross-Section 35 (683 m)
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Figure 4 (continued). Estimated equilibrium morphology of the restored Shopham Loop  
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Cross-Section 36 (695 m)
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Cross-Section 37 (717 m)
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Cross-Section 38 (742 m)
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Cross-Section 39 (767 m)
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Figure 4 (concluded). Estimated equilibrium morphology of the restored Shopham Loop. 
 
 
 

3.  ASSESSMENT OF PERFORMANCE OF RESTORED CHANNEL 

 

In this section of the report, the performance of the restored channel is assessed briefly. Three 

specific elements are considered in turn. First, the nature of the physical habitat likely to be created 

as a result of building the restored channel is discussed (Section 3.1). This section also considers 
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limitations of the design with respect to habitat quality, highlighting areas where opportunities for 

additional minor works (e.g. gravel introduction to create riffles) might further enhance the quality 

of the restored habitat. Following this discussion, the next two sub-sections address issues regarding 

the long term sustainability of the restored channel. This involves consideration of the geomorphic 

stability of the restored reach itself (Section 3.2) and the possible impacts on the River Rother 

immediately upstream and downstream of the restoration reach (Section 3.3). 

 

 

 

 
 

 
Figure 5. Restoration design recommended for the Shopham Loop. The compromise channel 
geometry shown represents the closest match to the simulated profiles that is practical to achieve. 
SOP = Setting Out Point, which represents the centreline of the channel. Application of the 
illustrated sections to the geometry of the Shopham Loop planform is to be achieved by using the 
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asymmetric profile (A) at bend apices and the symmetric profile (B) at the meander crossings as 
indicated on Figure 1. Intermediate sections are to be constructed by adopting regular linear 
transitions between the trapezoidal forms of sections (A) and (B). 

 

 

3.1 Physical Habitat Diversity 

 

This section briefly considers the quality of the physical habitat that will be created by the natural 

operation of geomorphological processes in the restored channel. It has already been described how 

the evolution of the constructed channel (Figure 5) to the equilibrium restoration morphology 

(Figure 4) will result in the formation of a very diverse bed topography consisting of shallow point 

bars, scour pools adjacent to the outer banks of meander bends, and topographic high points (riffles) 

at the location of the meander crossings. A similar variation in flow velocity structure is also 

anticipated, with considerable transverse and downstream variations in flow velocity as the stream 

flows over point bars, through the pools and across the riffles. A considerable range of habitats is 

therefore implied through the topographic diversity of the restored channel.  

 

In addition, natural meandering channels undergo processes of lateral migration through deposition 

on the point bars at the inner bank matching bank erosion along the outer banks of meander bends. 

In the case of the Shopham Loop, and consistent with both the relatively low stream power of the 

restored channel (see next section) and the general lack of bank erosion processes on the River 

Rother in the vicinity of the Loop, such meander migration processes are expected to be rather slow 

and localised. Nevertheless, important bank habitats are embedded in the design, with steep (>60 

degrees) river bank profiles being constructed in the restoration design (Figure 5). It is expected that 

progressive, if slow, fluvial erosion by impinging flow in the meander bends will maintain these 

steep bank profiles along outer banks. Accordingly, these sites will provide habitat opportunities for 

specific riparian flora and fauna, with diversity provided by the shallow, flat, sandy sites of point 

bar deposition on the inner banks. 

 

While the restoration design will provide considerably physical habitat diversity in terms of bed 

topography variability, flow velocity variation, and bank profile variability, an area of concern is 

that the restored channel will also maintain variability in substrate. A specific concern is that the 

restored channel should provide areas of clean gravels suitable for fish spawning habitat, similar to 

those that are present in isolated patches in the Rother. In principle, two conditions are required for 

natural channels to develop patches of spawning gravels. First, sufficient topographic and flow 

diversity is required that significant areas of the channel have sufficiently high competence (ability 

to transport bed-material) to transport and mould these gravel bedforms. Second, gravel materials 

must be available in the channel system. In the case of the Rother, there does appear to be sufficient 

gravel present in the system to form patches of gravels (e.g. bed-material surveys undertaken in 

May 2003 indicated that the median grain diameter of the surface bed material was approximately 

23 mm), but these are relatively isolated patches, restricted to areas of high flow velocity and 

competence. There is no doubt that the restoration of Shopham Loop would create more flow and 

bed topography diversity than is present in the existing Rother, and thus the potential for the 

restoration to create more extensive patches of gravel than is the case on the existing Rother is not 

in doubt. However, whether this potential is actually realised is uncertain because the extensive 

fine-grained sediment deposition in Shopham Loop makes it difficult to determine what grades of 

sediment will be available after excavation of the restored channel.  If gravel materials are exposed 

by the excavation, it is therefore highly likely that extensive spawning gravel sites (in deep pools 

and on the riffles in the meander crossings) will develop. To ensure that this is in fact the case, it is 

recommended that gravels be seeded in the channel during construction. The best place to seed 
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these gravels would be on the sites of incipient riffles in the meander crossing reaches, with the size 

of the dumped gravels matched to the known size of gravels (20 to 40 mm diameter) in the existing 

Rother. 

 

 

 

 

3.2 Geomorphic Stability of the Restored Shopham Loop 

 

As described in Section 2 of this Appendix, the final Outline Design is based on a compromise 

between the need to achieve a stable channel morphology, represented here by the simulated cross-

section profiles, and the practical requirement of providing a design that can actually be built. As 

such, it is anticipated that some (minor) geomorphological adjustments will occur after construction 

of the restored channel, as it evolves from the precise constructed form to the equilibrium features 

simulated herein. It must be clearly recognised that this minor anticipated adjustment is quite 

distinct from any systematic instability caused by designing a channel out of regime with the 

prevailing boundary conditions. Consideration has therefore been given to the likelihood of major 

channel instability following the restoration. Factors that might cause such instability are related to 

changes in the energy exerted by the flows on the channel boundary and it is, therefore, appropriate 

to analyse the potential for instability with reference to critical thresholds of stream power. On the 

basis of empirical data collected from a large number of lowland rivers, Brookes (1987) estimated 

that restored channels would remain stable with respect to erosion if post-restoration stream power 

per unit bed area remained below a threshold value of 35 W/m
2
. However, below a critical stream 

power of about 10 W/m
2
 channels would be expected to adjust through deposition. Both thresholds 

are of concern in this design in that the restored channel has a relatively high gradient (and thus 

potential to erode) while the high sediment supply poses the threat of ongoing channel deposition. 

Stream power per unit bed area within the restored reach can be calculated with reference to the 

following formula: 

 

 
W

gQS
  (28) 

 

where  = fluid density (1000 kg/m
3
), g = gravitational constant (9.81 m/s

2
), Q = design flow 

discharge (m
3
/s), S = channel gradient and W = bankfull width (m). The bankfull flow is normally 

considered to be an appropriate design discharge in that stream power may be maximised at this 

stage (energy is dissipated when water spills onto the floodplain) and so the bankfull flow discharge 

of Q = 22.0 m
3
/s used in the hydraulic simulations (Appendix 2) was used herein, together with S = 

0.00083 and W = 11.0 m (see above and Table 1). The design stream power per unit bed area for the 

restored reach is therefore 16.3 W/m
2
, well above the 10 W/m

2
 threshold for response by deposition 

and well below the 35 W/m
2
 threshold for response by erosion. For this reason it is believed that 

significant geomorphic instability after restoration is very unlikely.  

 

One other aspect of post-construction channel stability that warrants further discussion here is the 

issue of whether or not significant bank erosion will occur as part of the post-construction response. 

In this context the term ‘significant’ refers to bank erosion as a result of mass failure under gravity. 

Such erosion occurs in locations of steep, high, banks or in pockets of weak materials. The 

excavation of a relatively deep (2.0 to 3.5 m) channel, with steep (approaching 60 degrees) side 

slopes is therefore cause for concern in this regard. However, existing evidence indicates that mass 

instability of riverbanks in the restored reach is very unlikely. The maximum scour depths of about 

3.5 m in the pools (see Figure 4) and designed bank angles of about 60 degrees are both less than 
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the very steep, high, banks observed at numerous locations along the Rother in the vicinity of the 

loop. Since there is no large-scale evidence of systematic mass wasting at these sites, which are 

presumably set within the context of identical floodplain sediments, the channel design would 

appear to provide stable banks. In the absence of large-scale mass failures, bank erosion processes 

in the restored reach will likely be limited to the slow, progressive fluvial scour associated with the 

natural processes of erosion by impinging flow along the outer banks of meander bends. Such 

limited erosion is entirely desirable from the point of view of the creation and maintenance of steep 

bank face habitats, as described in the previous sections.  

 

3.3 Upstream and Downstream Impacts 

 

Channel changes are caused by spatial variations in sediment flux along the course of rivers. 

Consequently, the potential impacts of the proposed restoration on reaches of the Rother 

immediately upstream and downstream of the loop can be considered by analysing the spatial 

variations in sediment transport capacity predicted to occur after restoration. This can be achieved 

readily by analysing the output of the hydraulic simulations (Appendix 2) conducted to determine 

whether the restoration will adversely impact flood levels in the Rother. These simulations were 

undertaken at a bankfull (i.e. formative) discharge of 22.0 m
3
/s and therefore can be used as a 

representative (channel-forming) flow discharge. The crude analysis undertaken herein simply plots 

the spatial distribution of flow velocity (as a proxy for sediment transport capacity) along the 

Rother and Shopham Loop for this restoration design scenario (Figure 6).  

 

 
 
Figure 6. Spatial variation in simulated mean flow velocity (as a proxy for sediment transport 
capacity) along the River Rother and Shopham Loop for restoration design scenario (Data from 
hydraulics modelling – see Appendix 2). Reach A is the River Rother downstream of the Loop, 
Reach B is the Shopham Loop itself, and Reach C is the River Rother upstream of the Loop. 
 

 

The modelling results illustrated in Figure 6 indicate flow velocities (and thus sediment transport 

capacity) in the Shopham Loop (Reach B) are considerably higher (gradually increasing in the 

downstream direction) than either of the reaches of the Rother upstream (Reach C) or downstream 

(Reach B) of the Loop. This in itself is an encouraging result, as it implies that the capacity to 

transport sediment is greater in the Loop than in the reaches upstream that supply sediment to it. 

This is quite distinct from the present-day situation, where excessive sediment deposition 

(presumably caused by declining sediment transport capacity in the Loop, relative to upstream 
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conditions) in the Loop is a significant problem. These results imply that the restored Loop should 

be able to readily convey the high loads of fine-grained sediment currently supplied from the 

catchment upstream. The flip side of this is that simulated flow velocities in the Rother downstream 

of the Loop are considerably less than those within the Loop itself. Accordingly, there is a sudden 

drop in sediment transport capacity as the restored channel rejoins the Rother downstream. In such 

a situation it is to be anticipated that sediment deposition will occur in the downstream reaches of 

the Rother. However, the actual extent of the depositional trend in the Rother downstream is 

uncertain, not least because the restoration will enhance out of bank flows across the floodplain 

around the Loop. Accordingly, some of the sediment that is predicted to be deposited in the Rother 

downstream may instead be trapped as floodplain deposition, mitigating the extent of the problem. 

Without more sophisticated floodplain modelling (beyond the resources of this study) it is 

impossible to comment further on the likely extent of the possible sediment deposition downstream. 

Should significant deposition occur, it will most likely occur in the form of bank and point bar 

deposits over a relatively limited distance downstream.  

 

 

 

 

 

 

 

4. CONCLUSIONS 

 

The following conclusions summarise some of the key elements of the geomorphological input into 

the restoration design: 

 

1. The design is based on restoring flows into the Shopham Loop, which is clearly defined as a 

former course of the River Rother. Accordingly, both the aims and geomorphological attributes 

of the target restoration are well defined and constrained. Put another way, it is important to 

understand that from a geomorphological perspective this is a straightforward design task with 

minimal uncertainty.  

2. The planform alignment of the restored channel is based on the known former course of the 

Rother and is therefore realiably defined in this restoration (see Figure 1). 

3. The gradient of the restored channel is also clearly identifiable through determination of the 

down-valley floodplain grade along the course of the loop. 

4. Topographic surveys undertaken in November 2002 allow the gross-channel dimensions 

(bankfull width of about 11.0 m and mean flow depth of about 2.0 m) of the former Rother to be 

constrained reliably.  

5. The detailed variation of cross-section shape through the successive bends and meander 

crossings of the restoration reach are determined via geomorphic simulation modelling in which 

cross-section morphology is predicted based on local variations in the (identified) channel 

planform. 

6. The maximum depths of pools along the outer banks at bend apices ranges from about 3.0 to 3.5 

m. Point bar deposition, scour pool formation, and variation in bed topography between bend 

and crossing sections will provide considerable physical habitat diversity in the restored reach.  

7. While topographic highs will be associated with the meander crossing sections in the design, it 

is unknown if abundant gravels will be found after excavation of the restored reach. To 

maximise the habitat quality for spawning fish, it may be necessary to introduce gravels at the 

meander crossings in order to create substrate required for the formation of true riffles. 
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8. Geomorphic analysis indicates that the potential for long-term geomorphic instability following 

construction of the channel is very low. 

9. Sediment transport analyses indicate that impacts of the restoration in the Rother immediately 

upstream and downstream of the loop are also likely to be minimal, though some additional 

sediment may be conveyed from the restored reach into the Rother downstream. 
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