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PLATEFORME DE CONSTRUCTIONS HYDRAULIQUES

* To understand the formation and geometry of river bedforms and
related influence on hydro and morphodynamic processes.
* Rivers and sediments
Small and meso-scale bedforms
Hydrodynamic conditions for bedform
Effects of bedforms on flow resistance
Partitioning methods for friction and form resistance and roughness
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Bassin Vlt PrOd.

?
Val Varuna, Schweiz, after ™. Course d'eau 105 km? ~ mm/an

landslide in 1987 (MiIIOl') o " ZONE 1 (production) Rio delle Amazzoni (foce) T 0.09
P aide. o bo. lm . . Mississippi (foce) 3.9 0.055
v : Dralnage Basu‘ Congo (foce) 3.7 0.015
Nilo (delta) 2.9 0.015

Volga (foce) 1.5 0.01

Missouri (foce) 1.4 0.1

Gange (delta) 1.0 1.
Danubio (foce) 0.82 0.06

Hwang Ho (foce) 0.77 1.75
Reno (delta) 0.36 0.001

Po (delta) 0.07 0.15
Tevere (foce) 0.016 0.27

Waipapa (kanakahala) 0.0016 5

ZONE 2 (transfer)

ZONE 3 (deposition)




how can we estimate

Sediment supply sediment supply from a

watershed ?

what are the principles of

Sed | ment trans port water flow and sediment

motion in rivers ?

how does the channel adjust

C h anne I Sta bi I ity during water and sediment

transport ?

implications for river engineering
and erosion control




e Sediment 1s supplied by upland erosion in the watershed (r1ll, gully
erosion, mass movement) or by channel erosion within the streams and

1s carried by water flow

Sediment transport capacity is

e capacity limited
- how much water can transport

* supply limited
- how much sediment 1s available
- how much can be detached

m

Transport capacity and supply

-

Supply
limited

Sediment supply

Sediment
transport
capacity

Capacity
limited

Washload

- Bad-material loadb

Grain size, dg




Granulometric scale

dy, = dr2+”z . G, =2

(d,=reference diameter, 1 mm)
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Dry density (ton -m?)
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Porosity

A

Komura's data

7
o Vl’ + VS

P =0.245 + 0.0864

(O.1d50)0°21

(Komura, 1963)
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Sediment transport (total load) is defined by s | WP
* type of movement (bedload and suspended " \
load) .
» method of measurement (measured and . T After Perona et
unmeasured load) "’: S ) al., 1998
* source of sediment (washload and bed N ’&f ’\
material load) ¢ U' /;o;\l;\o‘ P
. ® @ \ i
flowing water ° ° suspended load 7, > 7;
> ° . o ° P transported in suspension
. T ]
)= ogR; ®eoe
. ° ° D,
per % e @ e e, ] bedload Te<T,<T
=
OB &OOOOOOO%OCSO 80000000 transported in contact with the

stream bed (by saltating, rolling)
L I 9




® The simultaneous movement of fluid and sediment constitutes a bi-phasic mixture

® The onset of sediment movement in a uniform, stationary stream can be supposed to
depend on a critical shear stress 7,

e By selecting ((ps—p)), g, d as D.l. variables, then (PI-Theorem)
Tc = TC((,OS_[))), 9, d' V, l/)r e)

m
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The Shields diagram
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The original Shields diagram

® Incipient motion following Shields
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e Effect of slope on the critical * Effect of grain size distribution
shear stress (hiding function theory,
—— Egiazaroff 1965)
d
Tiotd) =G -
=1,.Y(G— 1) [Jl — ::;"29] d,, d p
le of G=|- (8=10.9)
@= angle of repose d
(e.g., Lane, 1970) (e.g., Parker, 1990)
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* Cohesion (soil types) * Mechanical cohesion (vegetation
roots)

n=16
%1 rP=o09

p < 0.001

Basal critical shear stress
(soil properties only)

Root
, mechanical
0 10 2J BVD 40 .f;f) 6'0 70 &VJ 9'0 100 St r e n gt h
Silt-clay content (%)
coefficient

10(2) = a1 + 017()

Root biomass density

(from Julian and Torres, 2006)
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Sediment flux (Bagnold hypothesis)

l(lﬁ
Du Boys (1879) qs = k'st0(T0 — T¢) | g
|
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0,01
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- - s = C Wy o (oot
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(p = qS To
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. q
= /(s —1)gd? ¢

Sediment
flux due

to
advection

g =2V,
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Comparison among
different bedload
transport models for
homogeneous
sediment



sediment transport capacity and effective discharge

Effective discharge

(1

Frequency
(Il) Sediment discharge rating curve

(1) Collective sediment discharge

¢
\

(1)

Discnarge
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Towards a unified scaling for grave

Calvani et al., Geomorphology 2025
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slope
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10° 10°

N—0.158 A0.559 10.14 n—0.279
D84 Q Rp HCT

N . 102
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D" Q R, 6,

The expression for the constants K, is in Calvani et al., 2025
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* The mobile bed of fluvial streams is never really flat;

 Geometrical perturbations are usually present and can either be
migrating or stationary;

* They can also have spatial size extending over a broad range of scales;

* We call small-scale bedforms those geometrical perturbations that
have size comparable with the water depth; similarly, large-scale
bedforms will have dimensions larger than the water depth;
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Tynical small-scale hediorms

,v, Nk
o . — = —_—
T ey _“
(1) ripples (Fr<<1) (2) dunes with superposed
ripples (Fr<1)

|IIIIIﬁ: IIIIIIIII III

FLUVIAL REGIME

(3) dunes (Fr<1) (4) washed-out dunes (Fr~ 1)
Dunes
y e e Antidunes

(5) flat bed  (Fr~1) (6) antidunes (Fr> 1)

TORRENTIAL REGIME

(7) unstable flow (Fr>> 1) (8) chutes and pools (Fr>> 1)
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Morphodynamics: evolution (1D) equations

——___...—-,/‘.\ S FE—
/// h(e=,¥)

in.Geb) | (oe, 1)

- — From Seminara G., Meccanica del
| 3 bﬁz (‘1{( x, b, x) I bg (L (x,,t ) : trasporto dei sedimenti. Genova
' b{. (==)
[ — Flow continuit
Q ot + Q L 0 y

ﬂQz Q2 Flow momentum
B Q ¢t T ( O + gQ2h,, + QOC2R =0 (conservative form)
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Bedforms mechanism: morphodynamic instability

* We use a simplified scheme to show why bedforms depend on flow

regime via the Froude number

an(x,t) + dQs(x,t) —0

* Consider Exner’s equation in the form (1 — p) » x

A

Apply a small perturbation in the form of Fourier
modes

n=ny+ne AEC 4 pc
Qs = Qs0 + Qsle_i)l(x_Ct_S) + b.c.

NOTE: c is a complex velocity;
21
A= - = Wwave number
6 = phase between bedform and sediment flowrate
p = sediment porosity



Instability and small bedforms formation

* Insert the perturbation into Exner equation, we obtain

—(1 = p)eng + Qe =0

VRN

Qsl Qsl
— 16 = —
(1—-p)m cos(40) ¢ (1—p)m

Cr sin(A9)

Migration celerity ¢, depends on the spatial phase §
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Instability and small bedforms formation

A

A 4

¢, >0when—L/4A<6<L/4 c; >0when —L/2<6<0

¢, <O0whenlL/4 <6 <3L/4 c; <Owhen 0<O6<L/2

Downstream vs upstream migration Growth and attenuation




Instability and small bedforms formation

Assuming irrotational flow, it can be shown that there are three Water surface ondulation
Froude regimes in phase with bedform
and of greater amplitude

e | —subcritical regime

< 18-
2 < tanh 1Y, =
r ,
A Yo el 1
14+
* || — Lower super critical i I Water surface ondulation
120 in phase with bedform,
tanh 1Y " ol but of less amplitude
0 Ot
<Fr’< f
A YO A YO tanh 4 YO
* ||l — Upper super critical
1
Fr2 > Out-of-phase water surface
A Yptanh A Y, ondulation, amplitude smaller

than bedform ondulation

PrL I 10 amplitude

m
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Instability and small bedforms formation

* If the x-axes is on top of the (bed) crest, then

= | fHow ——— . Small Froude, fine sediment, dominant beadload
e acceler Reglme I . . . L
el in phase with stress, i.efor—=< § < 0; ¢,.; > 0
2 (Dunes) e 4 ’
(downstream migration))
Coarser sediment: delayed transport due to
. . . . L
Regime Il sediment inertia, dominant beadload for 5 < § <
3L . .
(Antidunes) 7’ c; > 0; ¢, < 0 (upstream migration). Fine

sediment: supsended load still out of phase with
tension but both migration directions possible

acceler | Regime IlI Transition with mechanisms depending on
sediment size, formation of chute and pools,
irregular regime. Stable only for coarse sediment

ates

R s T
X

-1/2
From G. Seminara, FIuviaHnorphodynamics

11
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small-scale hedforms geometry
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SUMMARY

* Form at low Froude numbers in
turbulent smooth-walkregime for

* Waves of almost triangular shape;

* Migrate (invariably) downstream;

e Slightly asymmetric with steeper
front and arcued apex; Aottt

* Amplitude smaller than water
depth;

* Length of O(10%) cm

= PFL I 14



* Ripples form (Sumer & Bakioglu, 1984)

5 Q—
b : '
A < L, -

Erosion

niveau moyen du lit = niveau initial du

Déposition

-n-l-u- — —

-

e Shape factor 4, = n

c Pr-L I
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Ar
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15

FEE————prar e PR
[ f-:-::..: IR Bl o &

“=Equ. 3.25

o
Er
B

0.0001- E L aas 11;‘{] - ! s
Mm,—1)———
T()
(ripples disappear lls = @) >1

for n«>21)




SUMMARY
* Dunes form in subcritical regime, i.e. Fr<1

* They form under the condition _ _ _

* Flat apex, invariably migrate downstream

* Amplitude A; = iYO
* WavelengthA; = 5+ 10Y,

: . Fr?
Notice that 7, = -1, —>dunes tend
to disappear when d is O(1?)°) mm

Almost rectilinear crest = 2D dunes

Dunes

16
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Barchan dune

vind direction

sand avalanches

Barchan Dune dune movement

Source: Wikipedia

Laboratory observations suggest that, in a
3D .dunes show sufficiently wide channel and provided the
typically curved crest experiment is long enough, 2D dunes evolve

invariably into 3D patterns. Theory unsettled so far.
= PrL I S



* As Fr grows, so does turbulence intensity and vortexes coalesce in gusts

tan@=1/6 Ad:LVz6h

<Ly =6h —— >
Gusts corresponds to the  z4 ¥ . I | N
evolution of the largest | e"/«»ﬁgy 4 Ey y evﬁ/ A’ E ) Aﬁi\ ih
macro-turbulent vortex. In | B e Dunes instability plot
. .. U .
areas of high friction, close X X 'y
to the walls, stress \Lh a , & Ertidure
fluctuations favour the R e e e e
formation of vortices. e A, | LD _‘
These are transported by ) g 10 === .. |
. T a | Tl W
the flc?w, they diffuse and Wave number 1g = — E A
combine by coalescence. Ag 3
3 06
[ ] E
 Large vertical turbulence 04
0.2 [
No transport
| | | | | | |

0.0

02 04 06 08 10 12 14
18 Wave number

EPFL — Source: Seminara, Ann. Rev. Fluid Mech., 2010
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SUMMARY Antidunes

e \Water surface is ondulated and in
phase with bed ondulations

* Antidunes typically migrate upstream
(not invariably)

* Quite typical sinusoidal shape for
upstream migrating forms

* Flow field is not charaterized by
boundary layer separation

19
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* Remember the regime
domains, I, Il, Il

* Many authors have
performed experiments
to validate them

* Antidunes form in the
unstable domain, i.e.
Regime Il

20

20+

Fr2 st

Engelund, 1970;
Guy et al., 1966;
Kennedy, 1961

Stable

05 1-0 13
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Large-scale (mesoscalel hedforms
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SUMMARY

* Sand and gravel bars are the result
of a free morphodynamic instability

* |n straight channel (free) bars
appear typically in alternated and
very periodic patterns of well
defined wavelength

* Free bars migrate downstream
* Free bars form in shallow streams

* |n erodible banks free bars interact
with bank erosion until they
“resonate”

Rhine river Laboratory

C PrL I 2



Phenomenological process of har formation, x-y vs y-z planes

* Turbulent gusts in the x-y plane help
explaining the formation of bars

tanf@=1/6
|< L" = 68 )
€y €y
Yl e e
e, xa ; ~LEile i E. Ve (B
— e R R
X
-
B ﬂ-:\ et AP /; ¥ \\ ;
R R R S e W lB
— < GG ; \L-‘:::-" e -, e ——
Pt l\n St
A =L =6B
a H

* The ratio B/Y,determines special
horizontal turbulent vortexes

m

PFL I 23
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Phenomenology of multiple bars formation on the plan x-y cH

E. Deve I o p m e nt of m u Iti b I e ba rs PLATEFORME DE CONSTRUCTIONS HYDRAULIQUES

When B/h is larger than (B/h),, but smaller
than a certain value (B/h),, the eddies eH
touch the bed before they reach their size B.
In this case, the eddies developed from both
banks meet in the middle of the stream and
double alternating banks are formed (Fig. a)

If B/h > (B/h);. The next increment of the

ratio B/h leads to triple alternating banks, ...,
n (Fig. b, c).

? e Tt o e T S R ek e e DA M R R T
; Eanist : 234 e s g
T 731 Multiple bars “pR~=—H-
B e el figpme g TP TR
[ F 1I-—l B F EP.E: i :.EI £[n] : 1 E‘i
z| !":l..' ':l"'J! o ‘ -” !Eﬁ ; i;;n — j:['l e
t : e | T K o
g e R TR | Alternate bars
_ ‘g_r o T A F:ﬂ ABB . i o prikt
- [ ' 3 i &l B i 1 _:_li _ !‘":"I—I
- < h iR EBIR i
-~ w o . 10+ _LL: b e oot bare
e S 1 LN, W S, -l n-row bars R = mail i e amasiy O 1A — Alternate bars
AR A T T N I; . i '.t‘ _ n
thirea-ronw bars e g AEElE YR E— C l :.’!E{Itlp‘ie Igars ‘I
; : NERLDTA I’ 1 |"" | ] T [ ‘|.""—-‘_—{:Fm
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oU__,U_,0u_1 oY _on) oz
ot ds On F2|0s Os| "Y g = & 40 ' ' ' ' ' '
ov_ v oV 1[ay oy Yo % |
N _ oy oyl _ Lo _on]| T — Flow-sediment instability can be found
ot a5 Von Rlon an| Py = 30 i
s n Fyfon on| & above a certain threshold for the aspect
% 025 ratio b (Figure 2) ONLY if transverse g 0.6
T ==V - (YV) Colombini et ® o slope effects on sediment transport are
al., 1987 5 considered _
on 3 . o 15 . 0.4
—=—9V - (||V||’{cos d,sind}) B
ot ) g1or Baerenbold et al., . |
] 2015 _ =
5
1 1 1 1 1 1 1 0
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Longitudinal wavenumber kS [-]
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9
© 30 .
k3]
L 20 !
a Development
< 10k of multiple bars _
1 1 1 1 s 1
05 1 15 2 25 3

Froude Number F0 [-]
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Resistance to flow induced hy hedforms

c Pr-L I



® When the surface of the moving bed is marked by ® Bed friction can better be decomposed in two
the presence of ripples, dunes or other periodic parts, one due to (grain) friction and the other
shapes in the x-direction of the flow, its surface due to bed ondulation:

(skin) roughness k is not sufficient to characterise
resistance to flow
—_— t,=(7,) +(7,)
: ) | o o f o A

The idea is to express the friction coefficient ¢
et ¢, by adopting the friction velocity, u

| - .

__hH_|—|_
! _\_‘_-\_‘_h‘_\_ J.*i. —_—

Fp

® One first defines 7p = - = pghj
and the relationship between mean velocity and
® This fomulation is however not convenient for friction factor cr = u_ |8
prompt use (j is unknown) I~ o, A
27

m
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Several method proposed:

PLATEFORME DE CONSTRUCTIONS HYDRAULIQUES

- Van Rijin method (1984). This method is simpler

- (Hans Albert) Einstein formulation (1950), we and explicit as it bases on the relationships

do not see it here (amplitude and length) that characterize
dunes’'geometry

- Engelund and Hansen (1967) We compute ¢; as for the flat bed and include

| 7 : bedform effect in the k;.
*b " Antidunes

If Agzand Ajare known then assess the equivalent

dimensionless Chézy friction factor as

10 Stationary waves

o= -18 ~0.556
and flat bed Tp = (0.7027,,° + 0.298)

07

04

¢ =25In(=20),

: Engélund and s

Hansen, 1967 with

0.2

0.10

ke = 3dog + 1.184[1 — exp(-25 24/, )]

0.04 T od0 0.2 04 07 10 2 T e T e




River ecomorphodynamics
and bioengineering

(ENV-418, AY. 2025-26)
4ETCS, Master option

Lecture 10-3: River planforms

Prof. Paolo Perona and regime theories

Platform of Hydraulic Constructions
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* Examples of river planform styles or regimes

* River morphodynamics: stability and evolution

* River attributes

* Average hydraulic and geometrical quantities (equilibrium)
* The regime theory: empirical formulas

* Morphodynamic theory of river meandering

* The rationale morphodynamic approach

* Swiss approach to “the room for river” concept
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e Alluvial watercourses tend to develop their own morphology, which is called a regime or 'style’.
(Regime is here not to be confused with "hydrological regime’ though the two are related);

® At this stage of development, the watercourse has reached a statistically stable state which, in
theory, does no longer varies over time in average.

®* The regime situation thus requires minimal intervention for its maintenance, but may change if
the fluvial system is perturbed (e.g., by changing hydrological flow regime).
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High - RELATIVE STABILITY e > Low . .
il BED LOAD / TOTAL LOAD RATIO —— e i Source: Ahmari et Da Silva (2011)
Small €— : SEDIMENT LOAD > Large 1.E+03
Small - SEDIMENT SIZE — — Large : ;
Bancs multiples (>3 lignes) et tresses
CHAMNNEL TYPE e
SUSPENDED LOAD MIXED LOAD BED LOAL - . .
......... ot syt o SONCICRRPRRORI. . . . . S8 - : LA - - Bancs multiples (2 lignes) et tresses
: - - ; o ;’ - - - -
E: E S 1.E+02
e 2 Bancs alternés et Méandres
- <3 . - L -
- ¢ =
LV I 3 £
2 - . £ ®
A _ - E; “ ‘ = %
- » & 8 - - B Méandres
- , v = & 3 1.E+01
::1: ; - 1 - =
» ~ -~ gl L~ Lit droit
-
- . - @
- e ke o o3 1.E+00
s -— 2 — @ < & 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04
h/D

B = natural riverbed width or regime
width

h = average water depth

“P-L D o D = chracteristic sediment size (d,)



Morphological changes: recovery time and sensitivity

Challenges for the management of
riverine systems:

Long
e Long recovery time of the physical
~ environment
10°-10° m e o e High sensitivity of the biological
Drg:;\iange 030102 m environment
106-10° years Floodglain Habitat
10°-10° years 10'-10° years
Recovery
time
10%-10" years ‘
10 'm
Microhabitat
10°-10" years
Short
Low Sensitivity High

Physical environment + biological environment = river “health”
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Y ~z

1 - 50 years

MORPHOLOGY

1 - 50 years

CHANNEL

Ay S
ooz

1000 years
TIME

c Pr-L I

Channel in equilibrium with
water and sediment load. Minor
morphological change (scour/fill)

Threshold effects:

(a) No return to original state -
morphology changed to new
equilibrium

(b) Adjustment to previous
equilibrium

PLATEFORME DE CONSTRUCTIONS HYDRAULIQUES

~

A stream is in equilibrium (graded stream) when over a period
of time, its slope and channel characteristics adjust so that the
available water discharges have just the energy required for the
transport of the sediment load from the drainage basin

Stability is a condition in which sediment sizes and loads, water
discharges, and channel geometry and slope are in balance

Longer term planning of river
renaturalization must expect
dynamic adjustments

Lane’ s equation (1955):

4 Scdiment Sise » 14

Qsds x QS

Stream slepe »

RSE L+ — Fine

Seaiment”
Load

~

Dearadition Agaradat:

: r
Erosion Peposition ¢

Elat €—

This equation
is by no means
a quantitative
equation and
should not be
used for design
purposes!
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CHANNEL TYPES

SINGLE-THREAD TRANSITIONAL BRAIDED 2

v O ' Water
Sediments
Grass

[ Shrubs

B Young trees

B Old trees

No vegetation

B Water
Sediments
Grass

i Shrubs

W Young trees

1 Old trees

No vegetation

I Water
Sediments
Grass

o Shrubs

B Young trees

B Old trees

No vegetation

B Water
Sediments
Grass

[ Shrubs

B Young trees

B Old trees

No vegetation

A— NOISIONI ONISYTIINI

< INCREASING NARROWING

(relative to the initial morphology) Figure 1. Ajustements de morphologie causés par une diminution des apports

solides, a partir de trois conditions initiales (A : lit unique « single-thread »,
incluant les riviéres rectilignes et rivieres sinueuses, en méandres ; B : lit mixte
transitoire « transitional », entre A et C, incluant les bancs alternés ; C: lit en
tresses « braided »), en fonction du degré d’incision et de rétrécissement du lit
(Surian and Rinaldi, 2003). Différents degrés d’incision et de rétrécissement

E PF L — (« narrowing ») relatifs a la morphologie initiale peuvent avoir lieu.




Mathematical morphodynamics

From Seminara G., Meccanica del
trasporto dei sedimenti. Genova

—_— R S R —
/,/
Pt

in.Geb) [T (oo,

AT ORI — : DL - Q=Q[h(z,1),7(x,t), 2]
s = -

Equilibrium conditions provide already interesting hints about riverbed morphology
between two sections 1 and 2 (prismatic channels)

on 0
(1 —p)by ot + a_(besx) - Exner () = costant
At equilibrium

Q4+ Q. =0 Flow continuity d
t I (b)) =0

% @’ Flow momentum
Qt+( )w-f- Qh,x-i- =0 dh QQ

QC?R Q?
Q
da:(ﬁﬂ)-i—g iz T oo =

EPFL I 2



GChannel widening/narrowing

Widening Narrowing
- 30 Y ; Y — 30 Y ; T
E 20 Y 1 E 2- L o—— ]
" 10 | ) 1 = 10 = n
P P
£ -0 4 2 .0~ R
s 20r \/ = £ 20 - R B e -
1 -
- .30 = -30
-500 -400 -300 -200 -100 0 100 200 300 400 5S00 -500 -400 -300 -200 -100 0 100 200 300 400 S00
x [m] x [m]
FLUVIAL REGIME .
6 I T T T ) T
s+ X_x;::—; L T —
o b e e T e h 1 ot SR T r
E 3 i R I T e ival A — T —
2 i =
1 A 4 ok V
° 3 'S .z s 4 A " A
-500 -400 -300 -200 -100 0O 100 200 300 400 S00 S00 400 - 200 100 O 100 200 300 400 500
x [m] x[m)
e 904 . , ‘ 25
E 20 = _/-\ 1l & 23 - \/
B 10 = 4 2 10 r
5 0 = 0}
2 0k 1l £ 10F
g 20 “/ = 3 2L IR o B, S
- 30 . L 30
500 -400 -300 -200 100 O 100 [N~ sAs cas saa -S88 .4ne .a08 280 100 0 100 200 300 400 S00
X [m] x [m]
TORRENTIAL REGIME b)
15
[ | e
E _E’ ..............................
3 o e e L R,
. X o . ,
500 -400 -300 -200 -100 0 100 200 300 400 500 -500 400 -300 -200 -100 [ol 100 200 300 400 500
x [m] X im

From Seminara G., Meccanica del

trasporto dei sedimenti. Genova
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&)=
Y, by

irz) _ (®

8/11

14/33

Lf1 by

* Channel widening: b,/b;>1
2>Y.>Y,
=2 in>in
Water depth decreases;
slope increases

* Channel narrowing: b,/b;<1
2>Y<Y,
2 in<in
Water depth increases;
slope decreases
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- - - INCREASING SEDIMENT SUPPLY grradrflﬂzeur Zg
Planlmetrlc e“ol“tlon a3 bcdrrya‘.cwaldomina:edchan'wls la pente
bgtuléjlers, !Q,,q’ ’/ it {"’ o .
i 1 cobbles B f \ [ \ \
* Primary vs secondary erosion >ermm e | g% ) %) >4%
Ll WX /i \
* Primary erosion: widening up to regime river width CL ® [ | e
B SIS &
o . . . ) \ \
» Secondary erosion: creation of different morphologies/styles ~ @ e
step-poo! ‘
cascade
Kanalstrecke mit Uferverbau primare Seitenerosion sekundare Seitenerosion -
2-649:1:1' “i .:‘E‘-,‘ 2-4%
o , / -
w | &d E >
5 (e 8l =
& ¥ N =
,‘ ] / E wandering channels g dé
; / 2 ( : 3
= &/ N/ ' ] [\ Q =
/ — — - ; = = . % sand '\t\\ % %
2 i g a
* A first interesting discussion arises already here Q
0.2-2mm 0.1-2%
* There is no uniform consensus about this definition: /R R
o  Regime width (Yalin et da Silva, 2001) ety e
HH 1 1 3 Sand “I :Q /I}-;;':// ,‘“M ;/
O  Equilibrium width el ) = LR
0.02-0.2 mm ;l i ) \; { /BN
. . // J \ % -
O  Natural river(bed) width (art. 41a OEaux) |\ 7 Y R {'f‘]
. . . . . . . T 7 R/ N\t <0.1%
e The Swiss approach is to consider the natural riverbed width (quite a big { L (x’ A (é;//\(
. . . e . . . . . siit z /I o )
issue as it requires to know pristine conditions, i.e. historical data, maps, etc.) <0.02 mm gy ) &
: — wash material dominated channels
e P F L Decreasing channel stability




 Natural riverbed width (here:

«Sohle»)
and full channel width (nere:

«Gerinney)

 Geomorphic relevant
discharge:
Floods HQ, a HQ;

c Pr-L I

Einarmiges Gerinne:

Gerinne

Sohle

WSP bettbildender Abfluss

/

Einarmiges Gerinne, verzweigte Struktur:

Gerinne

Sohle

WSP bettbildender Abfluss

—

s —— \_“_/

Mehrarmiges Gerinne:

Gerinne Gerinne
Sohle Sohle
le- - | le- -l
r | I ol
WSP bettbildender Abfluss WSP bettbildender Abfluss
e R ——

13



e How to determine it
e Historical documents

e Spatial references (e.g.,
max erosion, etc.)

* Topographic analiyses
e Empirical formulas

 Homogeneous reaches

* Similar hydraulic
conditions (discharge,
granulometry, substrate,
etc.)

c P~ L I
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1. Historische Dokumente
Analyse historischer Karten, Luftaufnahmen, Gemalde, Fotos und Berichte

i

& |, Vilgda ) P o 4
“< ,»)/‘;l; NP { P -
L; A P N\ .
- ,%’ \ b —
.\\f_‘/ . 1
o/
&y

2. Naturnahe Vergleichsstrecken
Analyse von aktuellen Karten und Luftbildern, Begehung im Feld

3. Terrainanalysen
Analyse von historischen Flussldufen mit Hilfe von Terrainmodellen

4. Empirische Ansitze
Anwendung der Regime- und der Schleppkrafttheorie
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Regime theory: empirical formulas
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* Some empirical relationships

PLATEFORME DE CONSTRUCTIONS HYDRAULIQUES

Gleichgewichtsbreite nach Yalin™:  SB = 1.5*Q%5/ dm?25 Riverbed width after primary erosion

=» Good for monocoursual channels
Gleichgewichtsbreite nach Parker: SB =4.4*Q%/ ((s-1)*g*dm)°»

Grenzbreite nach Ashmore: SB = 0.0098 (pwgQJ)°-777 /| dm-0-7 )
Riverbed width after secondary erosion
Grenzbreite nach Millar: SB = 16.5 Q*07 J06 11 dm — =» Good for braided and anabranching
rivers -
mit Q*=Q/((s-1)gdm)**dm?) | gt
ENTWURF
SB = naturliche Sohlenbreite
pa = Dichte Wasser = 2650 kg/m? e s e e
Pw = Dichte Wasser = 1000 kg/m3 Ermittl}mg d:er In:atilrl\iNchen Sohlgnbreite
Where g = Erdschwerebeschleunigung = 9.81 m/s? k \
Q = bettbildender Abfluss [m?%/s] ;
J = Bruttogefalle [-]
dm = mittlerer Korndurchmesser [m] des Sohlenmaterials
S = P Geschiebe / P wasser

Projekt A-1048 August 2019

,g Hunziker, Zarn & Partner
_ZB s icirvirs i s und Wb
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m

The first attempts to formulate the regime
characteristics Bg, hg and Sg (Regime Width, Depth
and Slope) are to be credited to the English engineers

in India in the early 20th century (Kennedy, Lindley,
Lacey, Inglis, Blench).

The purely empirical regime formulae produced by
these authors are invariably of the form (A is a

generic variable, Q is the discharge): Riverbed width

— n Water depth
AR T YAQ !

Mean slope

Mean channel velocity

BR — 7/BQnB
hR — 7/hth

Ve = vy Q™



Yalin'®:

Parker:

Bg is proportional to
the square root of Q
(ng =1/2) practically in
all formulas

B le/2

R

SB = 1.5*Q%5/ dm0®25

SB =4.4*Q%%/ ((s-1)*g*dm)>#®

* The exponent of Q in the
relationship for the
water depth may depend
on sediment size D

h,~Q"

for sand n ~=1/3

for gravel n, =043

Notice how in all the other cases, V; B et h; increase

with Q, whereas S, decreases when Q increases

Although the regime formulas are empirical they show a

surprising degree of universality.

c Pr-L I

e The exponentof Qin
the relationship of the
slope at regime (ny)
does also depend on
the charactersitic grain
size D

S ~0"

n =~—0.1

for sand

for gravel 7, = —0.43

>

PLATEFORME DE CONSTRUCTIONS HYDRAULIQUES

* The exponent of Qin
the relationship for the
velocity may also
depend on sediment
size D (roughness
effect)

Vg o< Q™

for sand ny=0.2

for gravel ny,=0.07

» Moreover, for simple continuity reasons, notice that

Q X Vg - hg: Bg oc QMv*ThtTiB

i.e.,, itmustben, +n, +ng=1
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Colville River (Alaska)
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* Meandering is the result of a
planimetric (bed-bank) instability
of monocrsual rivers whereby
erosion on the outer bank is
compensated by deposition (and
sediment stabilization at the inner

bank)
* Main characteristics:
* Bend amplitude growth
e Cutoff
e Meander belt

* Meandering channels are scale
invariant

c P~ L I e



* The instability leading to bar formation “interacts”
with the tendency of the stream to form bends,
which force the bars to localize at the inner bend
(point bars)

* The two mechanisms “resonate” to determin a

typical selected wavelength with which the
meander evolves

A-A

'~

DATUM

m
T
"1
=

e Empirical models

* Morphodynamic models (see Camporeale et al.
2005 for a Review)

* Analytical determination of the excess bank
velocity ug,

e Curve evolution and renormalization problem

The lkeda et al. (1981) model



* Bend hydro- and morphodynamic are key to obtain
the correct bend evolutive dynamics before a
cutoff occurs because of the “spatial memory”

effect
The erosion rate is made of two terms: a local one

and a non-local one

]‘D- +—Paj =/ k(s—s") ds'

>
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* For long-time analyses, the cutoff introduces
“noise” in the system
* This is due to the lost of part of the bend

* The non-local term suddently change
average quantities description is enough

(@)

si(t)

Ox-bow

(b) p

Figure 3a,b. Basic mechanisms of different types of cutoff: (a)
Four steps of a neck cutoff and (b) chute cutoff rounding off a

bend reach.



Long-term statistics

m

"1

x(m)

At long-terms, the detail of the

From Camporeale et
al., 2005

hydrodynamic model being used is

irrelevant

The cutoff process determines alone self-

confinement of the belt

L I

23

|l (Km™)

10000

20000

>
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From Camporeale et
al., 2005

Mean wavelength

Mean curvilinear

wavelength —~—

Mean curvature

DO — Ho/ZCfO

Regime theory

ND, = 14

c Pr-L I

P.d.f

Autocorrelation

P.d.f

function

>
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0.9
0.7
0.5
0.3
0.1
-0.1
-0.3

8 6 -4 -2 0 2 4 6 8 10 12
Dimensionless curvature

0.0

0.2 0.4 0.6

Dimensionless curvilinear coordinate

Dimensionless wavelength
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10.0 ¢
g (@)
-0.99
E .
10 E A Real rivers
|=
o Simulated rivers
01 1 L1
100.0 E (b)
100k . A=3.911C) 0
£
X r
I<1.0 ¢ ¢ Realrivers
o Simulated rivers
0.1 e
0.1 1.0 10.0
|l (Km")

Camporeale et al., 2005
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Meander belt width



The «Room for riversn concept

* Espace réserveé aux eaux: couloir de divagation et habitats

e art. 36a LEaux

- (@ Art. 36a'Espace réservé aux eaux

! Les cantons déterminent, aprés consultation des milieux concernés, I'espace
nécessaire aux eaux superficielles (espace réservé aux eaux) pour garantir:

a. leurs fonctions naturelles;
b. la protection contre les crues;

c. leur utilisation.

e art. 41a OEaux

Abaque permettant
de déterminer la zone riveraine

Largeur garantissant la biodiversité

pa—
(S}

(O]

Largeur de la zone riveraine en métres (une rive)
=

6 8 10 12 14 16
Largeur naturelle du fond du lit en métres

c P~ L I e
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LDK I CDCA

enschaft Office fédaral de I'environnement OFEV

Office fédéral du développement territorial

Office fédiral de Iagriculture OFAG

ESPACE RESERVE AUX EAUX

GUIDE MODULAIRE POUR LA DETERMINATION ET
L’UTILISATION DE L’ESPACE RESERVE AUX EAUX EN
SUISSE

Version pour adoption par la DTAP, CDCA, OFEV, ARE, OFAG Juin 2019

Etat Juin 2019

Offica fédsrol de I'Environnement, Division Eaux, Prévenfion des dangers
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Espace nécessaire aux grands
cours d’eau de Suisse
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