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l INTRODUCTION 

The Commission entailed a study of the hydraulic 

roughness of rivers and canals containing vegetation. 

It was appreciated that work on this topic had already 

been done elsewhere; the present investigation 

therefore covered 

(ii) laboratory measurements, 

(iii) measurements in canals and natural rivers. 

Further research was commissioned because although 

many of Britain's rivers and canals carry substantial 

growths of vegetation during several months in the 

year, the design of drainage and flood control works 

has always been handicapped by insufficient 

information about the hydraulic roughness of vegetated 

channels. Engineers experienced in the behaviour of 

rivers in their own districts could usually compensate 

for this deficiency. However, with the advent of more 

complex numerical analyses of networks of canals 

undertaken by engineers with less practical experience 

it became even Inore important to improve knowledge 

about roughness due to flexible elements in a 

channel. 

This report, therefore, which is the first of a 

series, describes the results of the literature survey 

and some initial laboratory and field studies. 

The laboratory work was to obtain a better 

understanding of how the ratio of depth of flow to 

length of vegetation affected channel roughness, while 

a pilot field study similarly examined the effect of 

the seasonal stage of growth of vegetation. 



2 LITERATURE STUDY 

2.1 Preamble 

Water flowing in an open channel is retarded by 

frictional losses against the boundaries of the 

channel. Early work to analyse the movement of water 

was concerned with channels having fixed, or rigid, 

boundaries, such as aqueducts or rivers and canals 

with inerodible beds. Later, attention turned to the 

more complex problems of watercourses having movable, 

or erodible beds which change due to the action of 

flowing water. 

Furthermore, many channels contain growths of 

vegetation, which does not erode over a short rime 

period but is flexible and changes its attitude in 

response to flowing water. The presence of such 

vegetation increases the difficulty of predicting 

river behaviour, although it is generally believed to 

increase the resistance to flow (or hydraulic 

roughness) and so to cause higher water levels in a 

given channel at a given flow rate. 

As engineers began to consider the effect of 

vegetation on river morphology, training and flood 

alleviation, so an extensive literature has arisen 

(see Bibliography). However, the unguided study of 

the available papers can be confusing, even 

misleading, due to the complexity of the processes at 

work. For this reason, the following sections of the 

present paper first review the factors affecting 

roughness in vegetated channels, leading on to a 

classification of the phases of flow. The papers of 

the Bibliography are then referred to this framework. 

2.2 Factors affecting 

roughness 

To help in understanding the different methods of 

analysis advocated by the various authors, the 



principal factors which may affect flow conditions are 

listed below: 

(a) length of vegetation 

cross sectional shape of stem 

size of stem 

stiffness of stem 

mass density of material forming plant 

complexity of the plant (i,e. whether a single 

stern or branched) 

spacing of the plants in the colony, whether 

(i) close, or 

(ii) open, where distance between stems is 

more than 6 stem diameters in a 

downstream direction or 3 stem diameters 

laterally. 

The response of the plant to the flowing water may 

result in the stems being 

(a) upright 

(b) inclined and waving, or 

(c) prone and probably undulating, 

with the flow occurring 

(a) at a depth greater than the deflected height of 

the vegetation, where water moves both over and 

through the vegetation, or 



( b )  a t  a dep th  l e s s  than  t h e  d e f l e c t e d  h e i g h t  of 

t h e  v e g e t a t i o n ,  such t h a t  w a t e r  f lows o n l y  

through t h e  v e g e t a t i o n .  

2 .3  Phases of f low 

The h y d r a u l i c  c o n d i t i o n s  w i t h i n  t h e  waterway d i f f e r  

depending on dep th  of f low,  s t i f f n e s s  of v e g e t a t i o n  

and d e n s i t y  of cover .  

I n  sha l low wate r ,  when f low o c c u r s  through a  mass of 

dense  v e g e t a t i o n ,  r e s i s t a n c e  i s  p r i m a r i l y  due t o  t h e  

d r a g  f o r c e s  on t h e  e lements ,  and t h e  v e l o c i t y  

d i s t r i b u t i o n  i s  n e a r l y  uniform. The r e s i s t a n c e  t o  

f low through a n  open cover of v e g e t a t i o n  ( p a r a  2.2 g )  

i s  due p a r t l y  t o  d rag  f o r c e s  on t h e  e lements  and 

p a r t l y  t o  s h e a r  on t h e  bed between them, and t h e  

v e l o c i t y  p r o f i l e  may be l o g a r i t h m i c  r a t h e r  than  

uniform. 

I n  deeper  wa te r ,  where t h e  v e g e t a t i o n  (whether u p r i g h t  

o r  d e f l e c t e d )  is t o t a l l y  submerged t h e  f low i n  t h e  

upper  l a y e r  i s  r e t a r d e d  by s h e a r  s t r e s s e s  a t  t h e  

boundary w i t h  t h e  top  of t h e  v e g e t a t i o n .  The v e l o c i t y  

p r o f i l e  above t h e  i n t e r f a c e  may be l o g a r i t h m i c  w h i l e  

w i t h i n  t h e  v e g e t a t i o n  i t  may tend  t o  a  c o n s t a n t  

v a l u e .  

The above c o n d i t i o n s  a r e  shown i n  Tab le  of Phases  of 

Flow which f o l l o w s  and c o n t a i n s  a n  example of each 

s i t u a t i o n ,  The papers  of t h e  B i b l i o g r a p h y  a r e  t h e n  

cons idered  under t h e  main headings  of r e l a t i v e l y  

sha l low and r e l a t i v e l y  deep f low.  



Phases of Flow 

A t t i t u d e  of V e g e t a t i o n  

Upright  I n c l i n e d  o r  

waving 

Prone o r  

u n d u l a t i n g  

R e l a t i v e  dep th  of f low 

Shallow 

( l e s s  than d e f l e c t e d  h e i g h t )  

( a )  Dense cover  of ( a )  Dense cover of 

long  g r a s s  on long g r a s s  on a 

f l o o d  p l a i n  & f l o o d  p l a i n  o r  

low v e l o c i t y ,  o r  s t i f f  weeds i n  

s t i f f  weeds i n  a channel  

a channel  

(b )  Open cover  of ( b )  Open cover of 

t r e e s  of bushes g r a s s  o r  weeds on 

on f l o o d  p l a i n .  a f l o o d  p l a i n  o r  

C u l t i v a t e d  a r e a s  i n  a p l a i n  o r  

of wheat,  s u g a r  i n  a channel  

cane e t c .  

R e l a t i v e  dep th  of f low 

Deep 

( g r e a t e r  than d e f l e c t e d  h e i g h t )  

( a )  Dense cover of ( a )  Dense cover  of ( a )  Dense cover of 

s h o r t  g r a s s  on long g r a s s  on long g r a s s  o r  

f l o o d  p l a i n  and weeds i n  a weeds i n  a 

low v e l o c i t y  channel  channel  and 

h igh  v e l o c i t y  

( b )  Open cover of ( b )  Open cover of 

weeds long g r a s s  o r  

weeds i n  a 

channel  and 

high v e l o c i t y  



2.4 S t u d i e s  of 

r e l a t i v e l y  

s h a l l o w  f low 

Most papers  examined i n  t h i s  ca tegory  d e s c r i b e  

a n a l y s e s  which assume t h a t  t h e  v e g e t a t i o n  i s  composed 

of e lements  s u f f i c i e n t l y  widely  spaced t o  a l l o w  t h e  

development of t h e  f u l l  drag f o r c e  on each e lement ,  

and assume t h a t  t h e  v e l o c i t y  d i s t r i b u t i o n  i s  

l o g a r i t h m i c .  Papers  4, 5, 11, 16 and 18 make t h e s e  

assumptions .  

Paper  5 i s  s p e c i f i c a l l y  in tended  t o  cover  f low over  

f l o o d  p l a i n s  p a s t  hedgerows. Equa t ions  a r e  developed 

i n c o r p o r a t i n g  t h e  n e t  a r e a  of f low through a  hedgerow. 

Paper  11 i n t r o d u c e s  a  term d e f i n i n g  t h e  o b s t r u c t i o n  

due t o  v e g e t a t i o n ,  c a l l e d  t h e  r o o t  mean square  of bed 

e l e v a t i o n .  

Paper  1 4  deve lops  nornographs and t a b l e s  t o  i n c l u d e  

r e s i s t a n c e  due t o  d r a g  on v e g e t a t i o n ,  s h e a r  on bed and 

s h e a r  on banks.  

Paper 18 develops  a r e l a t i o n  f o r  n  assuming 

r e s i s t a n c e  due t o  d rag  on v e g e t a t i o n  and t r a c t i v e  

s t r e s s  on t h e  channel  boundary. 

Paper  1 d e s c r i b e s  exper iments  on l aminar  f low over  and 

through Kentucky Blue and Ber111uda g r a s s e s ,  and r e c o r d s  

t h e  r e l a t i o n  of f  a g a i n s t  R f o r  d i f f e r e n t  v a l u e s  of 

S. 

Paper  12 t a k e s  account  of d r a g  r e s i s t a n c e  and boundary 

s h e a r  f o r  which v a l u e s  of Manning's n a r e  given.  

S t u d i e s  of 

r e l a t i v e l y  

deep f low 

The papers  i n  t h i s  ca tegory  d e s c r i b e  f low of d e p t h s  

g r e a t e r  t h a n  t h e  d e f l e c t e d  h e i g h t  of t h e  v e g e t a t i o n .  
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Papers  7 ,  8 and 9 ( a l l  by t h e  same a u t h o r )  assume a  

l o g a r i t h m i c  v e l o c i t y  p r o f i l e  and r e l a t e  t o t a l  

roughness  t o  r e l a t i v e  roughness and f l e x u r a l  r i g i d i t y .  

The r e l a t i v e  roughness i s  a l s o  expressed  i n  terms of 

t o t a l  a r e a  of c r o s s  s e c t i o n  of channel  t o  a r e a  

o b s t r u c t e d  by v e g e t a t i o n .  

Paper  13 r e l a t e s  Darcy ' s  f r i c t i o n  f a c t o r  f  t o  

h y d r a u l i c  dep th  R and shows t h a t  f  R i s  a  c o n s t a n t ,  a  

c o r ~ c l u s i o n  s i m i l a r  t o  t h a t  reac.hed i n  Ref 1 where t h e  

d e p t h s  of f low were g r e a t e r .  The c r i t i c a l  v a l u e  of R 

a t  which t h i s  occurs  i$ dependent on t h e  r e l a t i v e  

roughness  whi.ch i s  i n  t u r n  a f f e c t e d  by t h e  d e f l e c t e d  

h e i g h t  of t h e  v e g e t a t i o n .  

Paper  3 s e p a r a t e s  roughness i n t o  t h a t  due t o  s h e a r  

s t r e s s  on t h e  bed and banks of t h e  channe l ,  and 

o b t a i n s  a r e l a t i o n  between n  and dep th  of f low.  It 

goes on t o  show t h a t  a t  l a r g e  d e p t h s  n  becomes 

independent  of depth .  

P a p e r s  6 and 15 a r e  concerned wi th  t h e  r e l a t i o n  

between roughness and r e l a t i v e  roughness due t o  r i g i d  

o b s t r u c t i o n s  on t h e  bed. 

3 LABORATORY STUDY 

3.1 T e s t  c o n d i t i o n s  

It has  been mentioned a l r e a d y  t h a t  a l though  t h e  

purpose  of t h e  i n v e s t i g a t i o n  was t o  e s t a b l i s h  t h e  

e f f e c t  of n a t u r a l  v e g e t a t i o n  on t h e  roughness of 

r i v e r s  and c a n a l s  some p r e l i m i n a r y  ~~ieasurements  were 

made i n  t h e  c o n t r o l l e d  c o n d i t i o n s  of a l a b o r a t o r y  

flume i n  o r d e r  t o  de te rmine  t h e  e f f e c t  of v e g e t a t i o n  

on v e l o c i t y  d i s t r i b u t i o n .  The flume used f o r  t h e  

tests was 0.90m wide and 0.30in deep ( P l a t e  1). To 

r e p r e s e n t  v e g e t a t i o n ,  from among t h e  many p l a s t i c  

m a t e r i a l s  a v a i l a b l e ,  polypropylene s t r i p  was chosen.  

T h i s  was i n i t i a l l y  formed 5Omm wide, but  was 

pre-folded t o  produce a four-ply  s t r i p  about  12mm 



wide, and had l o n g i t u d i n a l  " roving"  o r  tendency t o  

s p l i t  l eng thwise .  P o r t i o n s  of t h i s  s t r i p  6101fl111 i n  

l e n g t h  were secured  a t  mid-point by a  s t a p l e  (p laced  

normal t o  t h e  f low d i r e c t i o n )  d r i v e n  i n t o  a  wdoden 

base-board t o  s i m u l a t e  p l a n t  e lements .  They were 

spaced on a  75n1m s q u a r e  g r i d  a l i g n e d  wi th  t h e  f low 

d i r e c t i o n  over  a  l e n g t h  of 2 . 7 ~ ;  a t  t h e  upstream and 

downstream ends of t h i s  working s e c t i o n  were smooth, 

non-planted s e c t i o n s  a t  t h e  same bed l e v e l ,  

r e s p e c t i v e l y  2.7m and 1.8m i n  l e n g t h ,  The e f f e c t  i n  

t h e  working s e c t i o n  was of a  colony of p l a n t s  wi th  

double  s tems,  each hav ing  a  r e l a t i v e l y  s t i f f  lower 

s e c t i o n  o r  s t a l k ,  w i t h  f r e e  ends r e p r e s e n t i n g  l e a v e s  

( s e e  P l a t e s  2-5). 

Discharge  through ehe flume was measured by a  V-notch 

wei r  and w a t e r  l e v e l s  were deterruined by u s i n g  s t a t i c  

t u b e s  and manometer. 

3 .2  T e s t  schedu le  

Measurements were made a t  f o u r  nominal d i s c h a r g e s  

between 10 and 80 11s. With each f low r a t e ,  t h e  dep th  

w a s  a d j u s t e d  t o  t h r e e  d i f f e r e n t  v a l u e s .  Then, f o r  

each r e s u l t a n t  t e s t  c o n d i t i o n  t h r e e  measurements of 

wa te r  s u r f a c e  l e v e l  spaced r e g u l a r l y  a long  the  working 

s e c t i o n  provided two v a l u e s  of wa te r  s u r f a c e  s l o p e  

(upst ream h a l f  and downstream h a l f )  and a s s o c i a t e d  

w a t e r  depth .  

Photographs were t aken  of t h e  v e g e t a t i o n  e lements  

through t h e  g l a s s  w a l l  of t h e  flurue of each t e s t  

c o n d i t i o n  a s  a  means of l a t e r  measuring t h e i r  

e f f e c t i v e  h e i g h t ,  

A second s e r i e s  of obse rva t io r i s  was then  made, runn ing  

through t h e  same schedu le  a s  o u t l i n e d  above but 

i n c l u d i n g  t h e  measurement of v e l o c i t y  p r o f i l e s .  A 

m i n i a t u r e  c u r r e n t  meter ( r o t o r  d iamete r  10m1n) was used 

on v e r t i c a l s  l o c a t e d  15Omm and 187mm from the  flume 

w a l l ,  t h a t  i s  e i t h e r  a l i g n e d  w i t h  a  l o n g i t u d i n a l  row 



of p l a n t  e lements  o r  mid-way between rows. The second 

t e s t  s e r i e s  a l s o  gave some i n d i c a t i o n  of t h e  e f f e c t  of 

age ing  on t h e  p l a n t  e lements .  

3.3 R e s u l t s  of 

l a b o r a t o r y  s t u d y  

F i g s  1-4 a r e  s e l e c t e d  p l o t s  of v e l o c i t y  p r o f i l e s  f o r  

deep and sha l low flow, and low and h igh  speeds .  Each 

p o i n t  i s  t h e  mean of t h e  v e l o c i t i e s  i n  l i n e  w i t h  t h e  

p l a n t  e lements  and between them ( s e e  3 . 2 ) .  The 

p r o f i l e s  show t h a t ,  f o r  t o t a l  dep ths  i n  excess  of t h e  

d e f l e c t e d  h e i g h t  of t h e  v e g e t a t i o n  flow speed through 

t h e  v e g e t a t i o n  was r e l a t i v e l y  low and a lmost  unchanged 

wi th  dep th ,  whereas above t h e  v e g e t a t i o n  f low speed 

changed w i t h  e l e v a t i o n .  From t h i s  i t  appears  t h a t  i n  

a  n a t u r a l  s t r eam,  where t h e  p l a n t s  would be more 

c l o s e l y  spaced t h a n  were t h e  f l e x i b l e  e lements  used i n  

t h e  l a b o r a t o r y  flume, v e g e t a t i o n  would cause  a 

profound change i n  t h e  v e r t i c a l  v e l o c i t y  p r o f i l e ,  wi th  

very l i t t l e  f low through t h e  v e g e t a t i o n .  

From t h e  measurements made v a l u e s  of e q u i v a l e n t  g r a i n  

roughriess lc and Planning ' S roughness n  were c a l c u l a t e d  

from t h e  r e s p e c t i v e  e q u a t i o n s  

0.5 11R 
v 1 5 . 7 5  (gRS) l o g -  k 

1 R0.67 s0.5 
and V = -  

n  

where v = mean f low v e l o c i t y  
Q = - w h e r e  Q = d i s c h a r g e  and 
A 

A = c r o s s - s e c t i o n a l  a r e a  of f low 

( s e e  f o l l o w i n g  Note) 

g  = a c c e l e r a t i o n  due t o  g r a v i t y  

R = h y d r a u l i c  dep th  = d  ( s e e  fo l lowing  Note) 

S  = h y d r a u l i c  g r a d i e n t  



Note:- A assumed t o  be t h e  e n t i r e  we t ted  a r e a ,  t h a t  

i s  both  t h e  p a r t  f r e e  of " v e g e t a t i o n "  and t h a t  

c o n t a i n i n g  i t .  

d assumed e q u i v a l e n t  t o  R f o r  f lume having 

n e g l i g i b l e  h y d r a u l i c  roughness on g l a s s  s i d e s  

compared w i t h  "vege ta ted"  bed. 

F i g s  5  and 6  show r e s p e c t i v e l y  t h e  v a l u e s  of k  and n 

o b t a i n e d ,  p l o t t e d  a g a i n s t  a  parameter  l o g  ( v  X d )  

r e p r e s e n t i n g  s p e c i f i c  d i s c h a r g e ;  both  F i g s  a l s o  show 

r e s u l t s  frorn o t h e r  s o u r c e s  which a r e  d i s c u s s e d  l a t e r .  

From F i g  5  i t  tnay be seen  t h a t  v a l u e s  of k ranged from 

about  0.90 a t  0.01 m 2 / s  per  met re  width  t o  around 0.20 

a t  0.1 m 2 / s  pe r  met re  width .  F i g  6 shows a s i m i l a r  

p a t t e r n  of v a l u e s  of n  frorn 0.04 t o  0.2 o v e r  t h e  same 

range  of s p e c i f i c  d i s c h a r g e .  

A s  mentioned above, F i g  6  has  superimposed c u r v e s  

r e l a t i n g  Planning's n  w i t h  t h e  pa ramete r  (v  X R )  whic.h 

were d e r i v e d  from work a t  t h e  S t i l l w a t e r  Outdoor 

H y d r a u l i c  Labora to ry  f o r  t h e  US Uept of A g r i c u l t u r e  

and p u b l i s h e d  a s  a handbook f o r  t h e  d e s i g n  of channe l s  

c o n t a i n i n g  v e g e t a t i o n  (Ref 1 7 ) .  The curves  were based 

on f i e l d  measurements f o r  d i f f e r e n t  t y p e s  and h e i g h t s  

of g r a s s e s ,  c l a s s i f i e d  a s  fo l lows : -  

A T a l l ,  over  0.76111 h e i g h t  

B Dense, g e n e r a l l y  unmowed 0.30-0.76m h e i g h t  

C Dense, 0.15m-0.30~1 h e i g h t  

D S h o r t ,  uncut  0.06-0.15m h e i g h t  

E Cutgrass  and burned s t u b b l e ,  0.04-0.061~ h e i g h t  

R e l a t i n g  t h e  v a l u e s  of I lanning 's  n ob ta ined  from t h e  

p r e s e n t  l a b o r a t o r y  flume t e s t s ,  u s i n g  f l e x i b l e  

e lements  0.6m i n  h e i g h t  bu t  spaced more openly  t h a n  



would be expected in nature, to the Stillwater curves, 

Fig 6 shows that the former lie generally between 

classes D and E (short grass). However, at low values 

of depth and flow velocity the flume values are less 

than indicated by curve E. 

Further investigation of the distribution of the 

values of k and n obtained from the laboratory flume 

tests, in order to predict flow depths and velocities, 

has not yet produced useful results. No practical 

guidance could be obtained from the very complex 

approaches proposed by most of the authors listed in 

the Bibliography. 

where v* = (gRS) 0.5 

C = constant (= 5.75) 

r = coefficient 

k = equivalent roughness, assumed equal to h, 

the deflected height of flexible elements 

("vegetation") 

where d = total depth of flow 

h = deflected height of vegetation 

A = total cross-sectional area of channel 

Ap = cross-sectional area of flexible elements 

which has been proposed by some investigators, did not 

prove enlightening and so is not discussed further in 

the present report. However, it was found from the 
d 

correlation with - that the value of the coefficient r h 



in Equation 3 lay between 1.2 and 4.4. 

v 
A n  alternative relation - Cl f C2 log d 

v * ( 4  

Ref 10 

where C = constant dependent on vegetation properties 
1 

such as height, width and shape 

C2 = coefficient 

v was hoped to be more suitable, and a plot of - 
v* 

against log d is given in Fig 7. By examination of 
the plotted points which appeared to have similar 

values of k, the coefficient C in Equation 4 was 2 
evaluated as 5.35 over the range of values of the 

constant 4.5 < C < 11.5. No convincing relation 
d1 between C and - could be discerned. 

I h 

In view of the marked influence of the flexible 

elements on the vertical velocity profiles, which has 

already been discussed, the measurements obtained were 

re-considered taking account only of flow above the 
v 
U simulated vegetation. The relation between - against 

v* 

where v = mean flow speed in the cross-sectional 
U 

area above the flexible elements 

("vegetation") i.e. (A-Ap) 

d = depth of vegetation-free flow area i.e. 
U 

(d-h), deduced from the velocity 

profiles 

is shown in Fig 8. The scatter in this plot is 

greatly reduced compared with Fig 7 and there appears 



U 
to be a relation between the two parameters, with - 

v* 
tending to a steady value of 8.0 at the greatest depth 

used in the laboratory flume tests. 

Furthermore, Manning's nufor the upper flow area only, 

shown related to specific discharge (v X R) in Fig 9, . 
U 

was much reduced to values generally between 0.005 and 

0.035 although with considerable scatter. 

4 FIELD STUDY 

4.1 Preliminary 

reconnaissance 

The advice was first sought of the Water Authorities 

whose areas were most likely accessible from 

Wallingford regarding the choice of field sites. The 

requirements were;- 

(a) seasonal growth of vegetation i.,e. plentiful at 

one time of year, dying away to almost none, 

(b) reasonably long, straight reach, 

(c) adjacent to a permanent Water Authority gauging 

station 

(d) free from obstructions in the channel i.e. 

fallen trees, and preferably not overhung by 

trees growing on the banks, 

(e) permission from the land owner to enter and 

work. 

Inspections were made at eleven sites in the Thames 

and Southern Water Authority area, from which two were 

selected, namely:- 



(a) River  Anton n e a r  F u l l e r t o n ,  Hants ( P l a t e  6 ) .  

( b )  R i v e r  Wey (North Branch) near  Farnham, Hants 

( P l a t e  7 ) .  

Each r i v e r  provided a  working s e c t i o n  which was about  

l l O m  i n  l e n g t h ,  a l b e i t  wi th  minor v a r i a t i o n  w i t h i n  

t h a t  l e n g t h ,  was between 8m and 15m wid th ,  and l a y  

immediate ly  downstream of a  gauging wei r .  

4.2 I n i t i a l  

p r e p a r a t i o n s  

A t  each s i t e ,  t h e  working reach  was found t o  f a l l  i n t o  

two d i s t i n c t  sub-reaches of s l i g h t l y  d i f f e r e n t  channe l  

d e p t h  o r  wa te r  s u r f a c e  s l o p e .  Three  permanent bench 

marks f o r  l e v e l  and l o c a t i o n  r e f e r e n c e  were set up, a t  

t h e  upst ream and downstream e x t r e m i t i e s  of t h e  working 

reach  and a t  t h e  t r a n s i t i o n  p o i n t .  These marks 

c o n s i s t e d  of a  l e n g t h  of s t e e l  p i p e  s e t  i n t o  a 

c o n c r e t e  pad. F u r t h e r  r e f e r e n c e  marks f o r  l o c a t i o n  

o n l y  were provided midway between t h e  bench marks. 

The r e s u l t i n g  c h a i n  of t e n  marks was t h e n  f i x e d  i n  

l o c a t i o n  by ground survey and l e v e l l i n g .  

4 . 3  A e r i a l  

photography 

Frorn t h e  start  of t h e  i n v e s t i g a t i o n  i t  was decided 

t h a t  t h e  e x t e n t ,  d e n s i t y  and i f  p o s s i b l e  t h e  s p e c i e s  

p o p u l a t i o n  of v e g e t a t i o n  i n  t h e  chosen r e a c h e s  should 

be moni tored r e g u l a r l y .  P a r t i c u l a r l y ,  i t  was hoped t o  

r e l a t e  h y d r a u l i c  o b s e r v a t i o n s  t o  s e a s o n a l  changes i n  

t h e  v e g e t a t i o n .  

The obvious  way of o b t a i n i n g  o v e r a l l  i n f o r m a t i o n  abou t  

t h e  v e g e t a t i o n  colony was by overhead photography, 

p o s s i b l y  u s i n g  i n f r a - r e d  o r  f a l s e  c o l o u r  f i l m  f o r  

improved d i s c r i m i n a t i o n .  Many a l t e r n a t i v e  methods of 

s u p p o r t i n g  t h e  overhead camera were a v a i l a b l e ,  such a s  

a  p o r t a b l e  tower frame, a t e t h e r e d  b a l l o o n ,  a  

f r e e - f l y i n g  model a i r s h i p ,  a  model h e l i c o p t e r ,  a  model 



a e r o p l a n e ,  a  f u l l - s i z e  a e r o p l a n e  o r  a f u l l - s i z e  

h e l i c o p t e r .  I n  t h e  knowledge of s u c c e s s f u l  use  of 

model a e r o p l a n e s  by r e g i o n a l  Water A u t h o r i t i e s ,  o t h e r  

r e s e a r c h  i n s t i t u t i o n s  and indeed by Hydrau l ics  

Research L td  i n  a n o t h e r  i n v e s t i g a t i o n ,  t h i s  method was 

t r i e d  f i r s t .  

However, no u s e f u l  r e s u l t s  were ob ta ined  from t h e  

model a i r c r a f t ,  due p a r t l y  t o  t h e  d i f f i c u l t y  of 

p r e c i s e l y  l o c a t i n g  t h e  a i r c r a f t  t o  produce t h e  

r e q u i r e d  l a r g e - s c a l e  n e g a t i v e  and p a r t l y  t o  t h e  need 

t o  f l y  on p r e - s e l e c t e d  days  when weather  c o n d i t i o n s  

were n o t  always s u i t a b l e .  

F u r t h e r  photography was t h e n  c a r r i e d  o u t  s u c c e s s f u l l y  

u s i n g  a  f u l l - s i z e  h e l i c o p t e r  h i r e d  from an  o p e r a t o r  

based n e a r  F u l l e r t o n .  An example of t h i s  i s  shown i n  

P l a t e  8. 

4.4 F i e l d  su rveys  

S u c c e s s i v e  v i s i t s  were made t o  c a r r y  o u t  t h e  f o l l o w i n g  

work : - 

( a )  hydrograph ic  su rvey  d e f i n i n g  t h e  p l a n  shape of 

each reach  and a  s e r i e s  of n ine  c r o s s - s e c t i o n s  

a c r o s s  i t ,  

h y d r a u l i c  su rvey  measuring wate r  l e v e l s  

i n c l u d i n g  t h a t  upst ream of t h e  gauging w e i r ,  

b o t a n i c a l  survey r e c o r d i n g  t h e  s p e c i e s ,  

d i s t r i b u t i o n  and d e f l e c t e d  h e i g h t  of v e g e t a t i o n  

on s e l e c t e d  c r o s s - s e c t i o n s  ( a ) .  Th i s  i s  

r e p o r t e d  under s e c t i o n  4.6 of t h e  p r e s e n t  

r e p o r t .  

4.5 R e s u l t s  of f i e l d  

s t u d y  

The v a l u e s  ob ta ined  from t h e  River  Anton and Wey f o r  

e q u i v a l e n t  roughness k and Manning's n a r e  shown i n  



F i g s  5  and 6  r e s p e c t i v e l y ,  superimposed on 

measurements from t h e  l a b o r a t o r y  f lume.  

The f i e l d  v a l u e s  of k i n  F i g  5 range from about  0.6 t o  

1.3m f o r  h y d r a u l i c  dep ths  0.4-0.55111 whi le  F i g  6  shows 

t h a t  t h e  v a l u e s  of n  d e r i v e d  f o r  t h e  R i v e r  Anton, 

where t h e  average  h e i g h t  of v e g e t a t i o n  was O.Ol61n i n  

t h e  upper reach  and 0.025m i n  t h e  lower r e a c h ,  

correspond t o  S t i l l w a t e r  ca tegory  C (dense  g r a s s  

v  
From t h e  r e l a t i o n  of - a g a i n s t  l o g  R f o r  d a t a  from 

v * 
t h e  River  Anton, i t  was deduced t h a t  t h e  v a l u e  of r i n  

Equa t ion  3 l a y  between 9.6 and 11.0. 

The v a l u e s  of lc and n  d i s c u s s e d  above, which assumed 

f low through t h e  t o t a l  we t ted  a r e a  of t h e  channe l ,  a r e  

d i s t u r b i n g l y  l a r g e .  It  had been planned t o  make f i e l d  

v e l o c i t y  measurements, s i m i l a r  t o  those  i n  t h e  

l a b o r a t o r y  flume t e s t s ,  t o  compare f low i n  t h e  

v e g e t a t e d  zone w i t h  t h a t  i n  t h e  u n o b s t r u c t e d  channe l  

above, These had no t  been c a r r i e d  o u t  a t  t h e  t ime of 

w r i t i n g  t h e  p r e s e n t  r e p o r t ,  but  a  f u r t h e r  a n a l y s i s  was 

made assuming no f low i n  t h e  lower v e g e t a t e d  zone,  i n  

l i n e  w i t h  t h e  l a b o r a t o r y  f i n d i n g s ,  A l t e r n a t i v e  v a l u e s  

of kuand n&are shown i n  Tab le  2,  assuming f low on ly  i n  
v 

U 
t h e  upper ,  c l e a r  zone. F i g  8 p l o t s  - a g a i n s t  t h e  

v* 

l o g a r i t h m  of d e p t h  of t h e  c l e a r  upper zone on ly ,  and 

vu 
shows v a l u e s  of - only  s l i g h t l y  l a r g e r  than  f o r  t h e  

v* 

l a b o r a t o r y  flume t e s t s  a t  g r e a t e s t  d e p t h s .  T h i s  

s u g g e s t s  a  t r e n d  w i t h  i n c r e a s i n g  dep th  t o  a 

nea r -cons tan t  v a l u e  of t h i s  parameter  which i s  not  

g r e a t l y  a f f e c t e d  by e i t h e r  t h e  n a t u r e  o r  t h e  

d i s t r i b u t i o n  of t h e  v e g e t a t i o n .  F i g  9 p l o t s  Manning's 

n  f o r  t h e  upper f low zone of t h e  River  Anton ( l i s t e d  
U 

i n  Tab le  2 a s  sub-values f o r  t h e  upst ream and 

downstream r e a c h e s ,  bu t  combined a s  a  mean f o r  each 



measurement occas ion  i n  F i g  9 )  a g a i n s t  (v  X R) . The 
U 

v a l u e s  were c l o s e l y  comparable t o  t h o s e  from t h e  f lume 

t e s t s  under s i m i l a r  c o n d i t i o n s .  

In conc lus ion ,  t h e  p r e s e n t  worlc i n  both  t h e  l a b o r a t o r y  

and t h e  f i e l d  s u g g e s t s  t h a t  t h e  assumption t h a t  f low 

occurs  only  i n  t h e  upper,  unvege ta ted  zone may n o t  be 

whol ly  t r u e  but  would repay c o n f i r m a t i o n  over  a  wider 

range of f low c o n d i t i o n s  and p l a n t  c o l o n i e s .  However, 

i n  o r d e r  t o  des ign  a  channel  c o n t a i n i n g  v e g e t a t i o n  

o t h e r  work would be necessa ry  t o  p r e d i c t  t h e  d e f l e c t e d  

h e i g h t  of t h e  p l a n t s  i n  o r d e r  t o  o b t a i n  t h e  e f f e c t i v e  

f low dep th .  

4.6 B o t a n i c a l  survey 

The f i r s t  su rvey  of t h e  River  Anton c a r r i e d  o u t  on 

14 November 1984, r evea led  f o u r  dominant s p e c i e s  of 

p l a n t s :  Apium, C a l l i t r i c h e ,  Ranunculus,  and Oenanthe. 

T a b l e  3 summarises t h e  p r o p o r t i o n  of each 

c r o s s - s e c t i o n  occupied by t h e  f o u r  s p e c i e s ,  but  n o t  

t h e  dep th  o r  t h e  spac ing  of t h e  p l a n t s  w i t h i n  each 

colony. 

A p r e l i m i n a r y  b o t a n i c a l  su rvey  of t h e  River  Wey was 

c a r r i e d  o u t  on 9 December 1984, bu t  a t  t h a t  time s o  

l i t t l e  p l a n t  growth was p r e s e n t  i n  t h e  channel  t h a t  no 

r e s u l t  i s  g iven  here .  

Powell ,  i n  h i s  s t u d y  of r i v e r s  i n  E a s t  Angl ia  (Ref 1 4 )  

found t h a t  t h e  most f r e q u e n t  s p e c i e s  p r e s e n t  t h e r e  

were Potamogeton, Elodea,  Vaucher ia  and Euteromorpha. 

H i s  work, ex tend ing  over  10 y e a r s ,  showed v a l u e s  of 

Manning's  n  rang ing  from 0.02 t o  0.05 d u r i n g  t h e  

w i n t e r  months of Nove~uber-December, r i s i n g  t o  0.10 

d u r i n g  t h e  growth season .  I n  t h e  River  Anton, v a l u e s  

of n  d u r i n g  t h e  same two w i n t e r  months were 

c o n s i d e r a b l y  l a r g e r ,  va ry ing  from 0.06 t o  0.08 

(assuming flow over  t h e  t o t a l  a r e a  of c r o s s - s e c t i o n ) .  

Th i s  may p a r t l y  be exp la ined  by a  d i f f e r e n c e  i n  r i v e r  

management; i n  t h e  E a s t  Anglian r i v e r s  weeds a r e  c u t  



and t h e  channe l  c l e a r e d  dur ing  t h e  autumn i . e .  

immediately p reced ing  Powel l ' s  o b s e r v a t i o n s ,  but  i n  

t h e  Anton t h e  c l e a r a n c e  per iod  i s  April-Play s o  t h a t  

measurements were made a f t e r  a lmost  s i x  months f u r t h e r  

growth.  

5 CONCLUSIONS 

Plany papers  have been w r i t t e n  on t h e  s u b j e c t  of f l o w  

i n  v e g e t a t e d  waterways. Reference t o  them can be 

confus ing  and u i s l e a d i n g  u n l e s s  c a r e  i s  t a k e n  t o  

e n s u r e  t h a t  c o n d i t i o n s  i n  any proposed a p p l i c a t i o n  a r e  

s i m i l a r  t o  t h o s e  from which t h e  c o n c l u s i o n s  p r e s e n t e d  

were drawn. 

The p r e l i m i n a r y  r e s u l t s  fro111 both  t h e  flume, i n  which 

t h e  s i m u l a t e d  v e g e t a t i o n  was of s imple  form and 

s p a r s e l y  d i s t r i b u t e d ,  and t h e  f i e l d  (complex forms of 

v e g e t a t i o n ,  c l o s e l y  spaced)  s u g g e s t  t h a t  t h e  f low a r e a  

i s  g e n e r a l l y  conf ined  t o  above t h e  l e v e l  of t h e  

d e f l e c t e d  v e g e t a t i o n .  A t  p r e s e n t ,  however, t h e r e  i s  

no method of c a l c u l a t i n g  i n  advance t h e  d e f l e c t e d  

h e i g h t  of t h e  v e g e t a t i o n .  

The small p r o p o r t i o n  of t h e  f low which passes  th rough  

t h e  roughness  e lements  i s  n e a r l y  uniform w h i l e  t h e  

m a j o r i t y ,  above t h e  v e g e t a t i o n ,  has  a  l o g a r i t h m i c  

v e l o c i t y  p r o f i l e .  

The flume t e s t s  show a  v a l u e  of Manning's n  v a r y i n g  

between about  0.04 t o  0.2  when t h e  f u l l  channel  

s e c t i o n  was assumed t o  c a r r y  t h e  flow, and between 

about  0.005 t o  0.035 when f low above t h e  e lements  on ly  

was c o n s i d e r e d .  The measurements made i n  t h e  R i v e r  

Anton showed ranges  of about 0.06 t o  0.09 f o r  t h e  f u l l  

s e c t i o n  and abou t  0.02 t o  0.03 f o r  f low above t h e  

v e g e t a t i o n  on ly .  

The v a l u e s  of n  deduced f o r  t h e  River  Anton i n  

Novetnber and December a r e  g r e a t e r  t h a n  t h o s e  o b t a i n e d  

by Powell  (Ref 1 4 )  f o r  r i v e r s  i n  E a s t  Angl ia .  The 



d i f f e r e n c e  may be due i n  p a r t  t o  t h e  c u t t i n g  of 

v e g e t a t i o n  i n  E a s t  Angl ia  i n  autumn; t h e r e  was no 

c u t t i n g  on t h e  iinton a t  t h i s  t ime. 

The r e s u l t s  of both  flume and f i e l d  t e s t s  agreed 

f a i r l y  w e l l  wi th  t h e  p r e d i c t i o n s  rnade us ing  t h e  

p r o p o s a l s  con ta ined  i n  t h e  r e p o r t  by t h e  S t i l l w a t e r  

Labora to ry  (Ref 17) and i t  is sugges ted  t h a t  u n t i l  

o t h e r  recommendations a r e  a v a i l a b l e ,  t h e  methods 

sugges ted  i n  t h a t  r e p o r t  be used f o r  d e s i g n  purposes .  
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