3.3 Sediment movement

Sediment accumulation around Dolgellau

The problem of sediment acaimulation on the lower readies of the Afon Wnion
around the town of Dolgellau was introduced in sedion 1.1 (cf. figs 1.21-1.23).
Gravel banks along the 2km stretch of the Wnion between Dolgellau and the estuary
tidal limit have increased significantly in height and aeial extent over the period of
thisresearch projed. Aggradation isreducing the dfedive height of flood defence
walls proteding the centre of the town (figs 3.75-3.76).

Historicd flood plain deposits are exposed in the banks of the Afon Wnion at times of
low river flow. The photograph infig.3.77, at asite nea Coleg Merion-Dwyfor in
Dolgellau, exhibits a band of river gravel beneah flood plain sand and silt beds. The
gravel hasamean grain sizeof 6 cm. Thisis sgnificantly smaller than the gravel and
cobbles acaimulating neaby at the present day (fig.3.78) which may exceead 30cm in
mean dimension. This suggests that there has been a significant increase in recent
decales in either the suppy or transport of coarse sediment in the Afon Wnion, or
both of these fadors.

Increases in coarse sediment deposition are dso observed in the lower reades of the
Afon Mawddad, particularly around the tidal limit at Llanelltyd bridge (fig.3.79).
The @nfluence of the Mawddach with the Wnion at the head of the estuary is marked
by alarge aeaof unstable gravel banks (fig.3.80), with the rivers changing their
courses sgnificantly in historicd times. Large anounts of sediment deposition at the
estuary head islikely to raise river base levels, reduceriver gradientsin the drealy
gently graded lower readtes of the Mawddad and Wnion, and further promote gravel

deposition upstream.

Sediment supgdy into the Mawddadh and Wnion river systemsiis largely from the
erosion of gladal and perigladal valey infill deposits of the types discussed in

sedion 1.2 (cf. fig.1.50). This suppy is sgnificantly augmented in the Coed y Brenin
areaby the eosion of river bank spoil tips from metal mines (cf figsl.91-1.92). Mine
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tip erosion acounts for the popularity of gold panning amongst the sand and gravel
deposits of rocky poalsin the Mawddach and Afon Wen.

Figure3.75. Recent sediment accumulation downstream from Bont Fawr,
Dolgellau

Figure3.76. Sediment accumulation alongsidethe Marian Mawr playing fields,
Dolgellau, at Lower Wnion site 3
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Figure 3.77: Historicriver bed gravels exposed at low water level, Afon Wnion
near Coleg Meirion-Dwyfor, Dolgellau

Figure3.78 Present day gravel and cobble depositsin the Afon Wnion
closetothe site shown in figure 3.77 aove.
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Figure3.79: Gravel depositsaround thetidal limit of the Afon M awddach,
Llaneltyd site 7

Figure3.80: Area o unstable gravel depositsat the mnfluenceof therivers
Mawddach and Wnion, Llanelltyd site9
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The Mawddadh and Wnion are gravel-dominated streams for their entire @urses from
their headwaters to the tidal limits at the head of the estuary. Under low flow
conditions, normally no gravel movement is observed. It is believed that almost all
transport of gravel, cobbles and boulders occurs under flood conditions. Only sand
and silt grade materials are in continuous movement within the river system
throughout the yea.

Effeds of sediment movement are eaily observed during and after flood eventsin the
Mawddad and Wnion sub-cachments. Examples of severe eosion on the Afon
Mawddad in Coed y Brenin are given infigs 1.16 and 1.17. Large anounts of
sediment movement are likely to alter channel cross gdions, affed channel base
levels and modify river gradients. These dfeds, in turn, are likely to influencethe
locaions and extent of flooding throughout the river system. It was therefore
considered important to obtain some estimate of the extent of sediment movement and
channel modification in response to individual flood events.
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Approachesto sediment transport modelling

Two sediment transport models were examined for use in the Mawddad study: the

CAESAR cdlular automaton model (Coultard,1999), and the GSTARS stream tube
model (Y ang and Simdes, 2000. These models have different starting points within
the hydrologicd cycle, use different geometricd approades, and employ different

sedimentologicd formulaefor erosion, transport and deposition processs.

CAESAR cdlular automaton model

The CAESAR model uses adigital elevation model to crede arepresentation of the
cachment topography and river channel system. The model incorporates both

hill Slope runoff and river routing components, with sediment transport processes
handled in addition to water flows (fig. 3.81):

1. 'Landscape’ of grid cells
2. Each cell has properties:

/ elevation, depth, discharge
and grainsize

—

3. For each time step the cell

is changed according to laws

Laws Slope processes
Mass movement

and creep

Hydrologic routing

Fluvial

ernadnn/dennatin

Hydraulic routing

Figure3.81: Schematic diagram of the key processes operating in the
CAESAR cdlular automaton model (after Coulthard, 1999
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Within ead time step of the model, a sequence of operations are caried out:

» Soil saturation within ead cdl is cdculated, based on rainfall input and
infiltration,

» Hilllope surfacerunoff and subsurfacewater flows to downslope cdis are
caculated,

* Water flows are routed through surface tannels,

» Sediment erosion within channelsis cdculated, depending on available
sediment grain size and the avail able transporting capaaty of the stream.

» Sediment deposition is caculated, as the excessof transported sediment over
carying capaaty.

* Soil creq is determined acmrding to slope angle.

* Massmovement is modelled whenever the slope value for a cdl excealsa
criticd angle. Material moves downslope until the stable agle of rest is
restored.

* Vegetation growth can be modelled, and will stabili se slopes.

The CAESAR model has interesting feaures, particularly the adility to model
sediment movement on hill lopes in addition to sediment transport in river chanrels.
Massmovement is relatively common within the Mawddad cachment when soils
and (peri)glada deposits beaome saturated during storm events (fig.3.82). However,
a detailed study of slope stability and erosion processes is beyond the scope of this
projed.

Figure 3.82
Massmovement at
Oernant in the upper
valley of the Afon
Gain following the
July 2001storm event.
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A drawbadk of the CAESAR model is the very large anount of parameter data needed
to initialise hill lope cdls for a mesoscde cachment on the scae of the Mawddadh.

It may be possble to run the overall smulation as a series of sub-cachment models
on separate computers, but it is uncertain how sediment routing between sub-
cachments would be handled. The CAESAR model seams more suited to detailed
geomorphologicd studies of small catchments upto 10km? with a single trunk stream.

GSTARS sediment transport model

The GSTARS model is esentially ariver routing model (cf. sedion 3.1, fig.3.11) to
which sediment erosion, transport and deposition functions have been added. The
input to the model consists of hydrograph data for channel inflows, plus
sedimentologicd data for the river channel and banks. Slope eosion and mass
movement are only modelled within the flood pain.

A dedsion was taken to use GSTARS for sediment modelli ng within the Mawddacd
river system. It was apparent from initial experimentation with GSTARS models that
measurable sediment erosion, transport and deposition processes were restricted to the
period of flood events and the few days following these events. Two significant
storms were chosen for analysis:

* the @mnvedive storm of 3 July 2001, which generated the highest river
discharge values of any event recorded during this reseach projed, although
the event was of only afew hours duration. This magnitude of storm was
estimated to have areturn period of 200yeas.

» the sequence of storms of 3-4 February 2004 which generated the longest
period of continuous flooding around the heal of the Mawddadc estuary
recorded duing the projed, although maximum river discharge values for any
one hour period were significantly lessthan during the July 2001 extreme
event. Storms of this magnitude ae estimated to have areturn period of
4 yeas.

In thisway, it was hoped to compare the anounts of sediment erosion, transport and
deposition generated by rare but extremely severe flash flooding, in comparison to the
less gvere flood events of longer duration which occur on an amost annual basis.
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Mathematicd basis of the GSTARS mode

To cary out a sediment transport smulation, the river is divided into a series of
readies. The twelve reades of the Mawddadh sub-cachment and the aght reades of
the Wnion sub-cachment defined in sedion 3.2 are ayain used for this model.

Within eat read, the geometry of the river must be defined. Cross dions are
surveyed at a series of points, and the devation of ead cross dion above adatum is
recorded. Channel roughnessis gedfied for one or more 2nes aadossead sedion.
The downstream channel distance between crosssedions is measured.

Figure 3.83 River reach data for input to the GSTARS model

One of the aoss dionsis chosen as a point at which river stage height and
discharge will be spedfied for a sequence of time intervals during the flood event.
The combination of channel geometricd and roughnesscharaderistics, plus water
flows at the control sedion, provide sufficient data to cdculate water velocities and
depths at the remaining points within the dannel read. Thisdata will, in turn, be

used in the cdculation of sediment erosion rates, transport and deposition.
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The method used by GSTARS to determine water depths and velocities through the
river read is based on the energy equation:

2 2
+ + VA = + + V—2 +
Aty o . Ztytay 29 h

where: z is channel bed elevation, y iswater depth, V is mean water velocity, and o, is
a orredion fador (closeto 1) which alowsthe gproximation of discharge athe
product of mean water velocity and channel cross diona area Subscripts 1 and 2
refer to locaions at locations at eat end of ariver read. The significance of the

equation is f1ownin fig.3.84.

total energy
P
al o] | o |
ey oo
S
Y1
water surface .
A I
S~ 4+
z channel bottom y2
v
-
v datum 2 =0

Figure 3.84: Calculation of total stream energy

The total energy of the stream flow at any point will be the sum of the potential
energy and kinetic energy of the water.
» Potential energy at the water surfaceis determined by the surface éevation,
whichisin turn the total of the river bed elevation and the water depth.
* Kinetic energy of the water flow per unit area ca be determined from the

water velocity, alowing a wrredion o, for channel shape.
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The quantity h, represents graphicadly the energy losswhich occurs over the length of
the river reath as aresult of processes such as turbulence

It is apparent from fig.3.84 that a stream could possessequal total energy under
different flow conditions:
» shalow fast flow, where kinetic energy was increased but potential energy
reduced,
* deeg, dow flow, where potential energy was increased but kinetic energy
reduced.

These two situations can indeead exist in nature, and are ill ustrated as points on a plot
of kinetic energy E against water depth hunder conditions of constant discharge
(fig.3.85). The energy minimum occurs at a water depth known as critical depth. A
shallow fast flow, such as point A, is said to be super-critical, whilst a degp, ow
flow, as at point B, is sid to be sub-critical. For example, it iscommon for a stream
to change druptly from super-criticd to sub-criticd flow where the river gradient is
suddenly reduced, as at the base of aweir. This processis known as a hydraulic

jump.

Figure 3.85. Kinetic energy —water depth curve for constant discharge

The GSTARS program is able to determine a ontinuous water surfaceprofile where

a change in flow regime occurs between two measured cross dions,
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The determination of water depths is carried out by an iterative process using the
relationship:

Hog — H
Zoew = Zold ~ © n
L

)< EELE

This equation involves $x parameters:

water surface éevation

total energy line

Froude number

hydraulic radius of the dhannel
energy losscoefficient

friction loss

;p;UTIIN

The processbegins by estimating values for Z and H at the dannel crosssedion, then
progressvely determining new values for Z and H until the difference between Hy g
and Hq, falls below a spedfied tolerence  From the initial value of Z, an initial value
for H can bdetermined using the relationship:

2
H=—a;/ +ty+z

bed elevation

water depth

flow velocity

velocity distribution coefficient

elevation of the energy line @ove the datum.

where:

IR <N

Water velocity V can be determined by assuming that river discharge for the aurrent

time interval is equal to the discharge & the antrol sedion.

Hydraulic radius of the dhannel isthe theratio of its crosssedional areato its wetted
perimeter, and can be determined from the surveyed crosssedion and spedfied water
depth.

Froude number isthe ratio of the inertial and gravitational forces operating within the

stream, and is a measure of the resistanceto water flow induced by the dhannel.



Froude number is computed by the eguation:

F= Q
2
ABgyd cosd B]/
g a U
where: Q water discharge
A cross ®diona area

Yd hydraulic depth = aredtop width
0 angle of inclination of channel bed
o velocity distribution coefficient, approximately 1

The energy losscoefficient C. depends on channel geometry. Thisis st to 0.1 for a
contradion in the dhanrel crosssedion, and 0.3 for an expansion.

The friction lossh is computed from the values of the friction dope S at adjacent

sedions using the formula:
1
hy = E(Sfl + sz)ﬁx

where Ax is the downstream separation of the sedions. The friction Slope canin turn

be caculated by a dhoice of methods in the GSTARS program: Manning's formula,
Chézy's formula or the Darcy-Weisbach formula. Manning's formulais:

o~ Bt

A cross ®diona area
R hydraulic radius
n Manning roughnesscoefficient

where:

A suitable value for Manning's roughnessn can be seleded by comparison with
photographs of spedmen river channels of known roughness(Arcement and
Schreider, 2003 Barnes, 1967).

In order to determine suitable water surfaceprofiles between channel crosssedions, it
is necessry to identify situations where changes take placebetween sub-critical,
critical or super-critical flows. To asgst with this task, two quantities are cdculated
—the critical depth and the normal depth of the dannel at ead cross gdion.
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For gentle or moderate downstrean gradients, the normal depth is greaer than the
critical depth. If the water depth is greaer than the normal depth at both ends of the
sedion, then no change in flow regime occurs (fig.3.86, profile M1).  If the water
depth is lessthan the normal depth, the water surfacewill follow a parabolic path as it
adjusts towards a critical depth downstream. The surface crve will follow M2 or
M3, depending on whether the initial depth is above or below the critical depth.

8,43, 3,28

Figure 3.86. Water surfaceprofilesin gradually varied flow
(after Yang and Smdes, 2000

Normal depth may be lessthan critical depth for steg downstream dopes. If the
initial water depth is above the critical depth, it will remain so (profile S1). If the
initial water depth is below the critical depth, then it will trend towards the normal
depth following parabolic profile S2 or S3.

In cases where the river channel is horizontal or dopes upwards in the downstream

diredion, the water profile will always trend towards the critical depth, following one
of the paths H2,H3, A2 or A3.
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The determination of Normal Depth g(d) is carried cdculated by:

g9(d) = Q-K(d)yS =0

where: K(d) conveyance
S bottom sope

Conveyanceis related to friction slope S:
Q= st%
Criticd depth is determined by setting the value of the Froude number to 1:

F = Q =1
ABQYcriticaI cost B}é
O] a O]

Sediment modelling

After determining water depths and flow velocities for atime interval of the

simulation, the next stage is to determine the anounts of sediment erosion, transport

and deposition for ead sedion of the reat. Conservation laws are gplied, as

ilfustrated in fig. 3.87.

\xb

Figure 3.87: Componentsof the model for conservation of sediment mass

Conservation of sediment massis determined by:
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Q. ,, 07 A
0x ot ot

g, =0

where
il volume of sediment in a unit bed layer volume
Aq volume of bed sediment per unit length
As volume of sediment in suspension at the aoss dion
per unit length
Qs volumetric sediment discharge
Js lateral sediment inflow

Esentialy this equation is gating that any change in the anount of sediment being
transported at successve monitoring points downstrean must be balanced by erosion
of the river bed adding sediment to the transport stream, or deposition removing
sediment from transport.

The epresson may be simplified by making an assumption that the cdhange in
suspended sediment concentration in a @oss gdion is much smaller than the dhange
of theriver bed duing any time interval, ie.

A OA

IS cepnld
a1

Asauming that the sediment transport function for a doss £dion remains constant
during atime interval, then

The program routes sdiment in strean tubes whose wall s are defined by streamlines.
Flow does not cross $reamlines, so sediment remains within ead stream tube asit is
caried downstrean. The number of streantubes to be used by the model can be
defined by the user. Sediment processes within ead stream tube ae modelled
separately. Thusit is possble for GSTARS to model both erosion and deposition
simultaneously on different sedions of a dhannel cross £dion during a particular

time interval.
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Sediment transport is computed by sizefradion. Particles of different size ae
transported at different rates. Depending on water velocity, some size fradions may
be e@oded whilst others are deposited. The model uses an active layer, which
represents all the sediment which is available for transport during atime interval.
Active layer thicknesscan be defined by the user. The program is able to model a
stuation known as armouring where dl fine materia is eroded from the surfaceof the
adive layer, leaving stable marser sediment exposed. Deposited sediment during any
time step isinitially added to the adive layer, but may be transferred to an inadive
deposition layer when the thicknessof the adive layer isreset at the start of the next
time interval (fig.3.88).

full erosion of the
active layer

armouring, preventing further

active .:: original :'k erosion of the active layer
layer s bed
inactive material .

deposition

erosion of fine
grade material
only

Figure 3.88. Sediment processes modelled by GSTARS

Initial sediment sizedistributions at ead cross £dion must be spedfied when setting

up asmulation.

362



For any time step, erosion may occur if the transport cgpadty of the strean at a aoss
sedion is greaer than the incoming load from upstream. Various sdiment transport
functions are available within GSTARS. The method chosen for the Mawddad
model is Yang's Sand (1973 and Gravel (1984) Transport Formulas, which isvalid
for the range of sediment sizes common within the river system:

Unit strean power formula for sand transport:

*

log Cis = 5.435- 0.286l0g w _ 0.457log U—
%

%799 0.409l0g ﬂ ~ 0.314log ang%}g VCfSE

Unit strean power formula for gravel transport:

*

log Ciq = 6.681- 0.633log ﬂ - 4.816log U—
g

% 784 - 0.305log ﬂ - 0.282log —HlogB‘E Vor SE
w Jw w [

where:

Cis  tota sand concentration

Cy  tota gravel concentration

0 sediment fall velocity

d sediment particle diameter

U shea velocity

VS  unit stream power

Vv flow velocity

S water surfacedope

Vo  criticd flow velocity at incipient motion

The sand transport formula is used for grain sizes less than 2mm, whilst the gravel

formulais used for grain sizes of 2mmor greder.
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Channel width and depth adjustment

The GSTARS model uses minimum energy disspation rate theory (Song and Y ang,
1979) to determine the relative anounts of bed erosion in a verticd diredion and bank
erosion in a horizontal diredion at ead cross dion. Thistheory spedfiesthat when
a dosed and disgpative system readies its gate of dynamic equili brium, its energy
disgpation rate must be & its minimum value:

o = o, + D = minimum
where
) total rate of energy disgpation
®,, rateof energy disgpation due to water movement
®; rate of energy disspation due to sediment movement.

The system will tend to adjust itself until the energy disspation rate is a minimum.
The program attempts to minimise the stream power:
YQS
where
Q isdischarge,
Sischannel dope,

vy is the spedfic weight of water.

A consequenceis that horizontal erosion is favoured where river gradient is gentle,

but verticd bed erosion is favoured where dhannel gradient is geep.
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GSTARS sediment models for the M awddach catchment

Modelling has been carried out using twelve sub-cachments for the Afon Mawddacd
and eight sub-cachments of the Afon Wnion. The model treds discharge & uniform
aong ead read. To set upthe model for aread, the amurse of theriver is entered on
abase map. The position of cross dion points are then chosen (fig.3.89).

ERGSTARS 2.1 B — =] x|

File Window Help

sl CIGSTARS 2, 1IItIwydAlItIwyd8.upj
File Edit Project

i i - =
b !'Geumelry I‘ Sediment || Boundaries ! Qutput | A5ec |

;

=

"
Usjoseu A unep,

Hont S

-t Ab G:
:1,,5/”“'* ﬂ‘
¢ = ; |(E'
k

Figure 3.89: Entry of channel course and locations of surveyed crosssedions for
the Alltlwyd reach, Afon Mawddach

Survey points for ead crosssedion are then entered, spedfying dstance acossthe
sedion and elevation above Ordnance datum (fig.3.90). Crosssedions sould extend
to alevel above maximum flood height on ead bank of the stream. The lledion of
survey data for this purpose is described in chapter 3.2 above (cf fig.3.20). The
GSTARS program displays the aoss dion, and allows Manning roughnessvalues
to be spedfied for different zones of the sedion.

Several choices of parameterisation and caculation method need to be made:
» options are available within GSTARS for the method of channel friction loss
» the number of stream tubes sould be spedfied for sediment transport,
* the sediment transport equation is sleded,
» thedepth of the adive sediment layer is edfied.
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Figure3.90: Input of river crosssedion geometry and surfaceroughness

The size boundaries sould be speafied for ead sediment classwhich isto be

modelled separately in the transport model. For the Mawddadh smulation, five size

classes have been chosen to represent the range of grain sizes common within the

river channels(fig.3.91):
1. sit—coarsesand
2. very coarse sand — fine gravel
3. medium gravel — coarse gravel
4. very coarse gravel —cobbles
5. boulders

Sediment 5ize Fractions

Mumber of size fractions: |5 Dry specific weight: [33.25
Mumber Lovwer hound {mim) Upper bound {mm} Dry specific weight

1 0.06 0.a

2 0.a 4.0

3 4.0 32.0

4 32.0 256.0

5 2560 2000.0

f 0.0 0.0

Figure 3.91: Spedfication of size fraction boundariesfor the Mawddach model
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For eath crosssedion, it is necessary to speafy the fradions of eat sediment class
exposed within the dhannel bed and banks (fig.3.92).

at the time that the dosssedions were surveyed in the field. The procedure involved:

These fradions were estimated

» seledion of a series of sampling points at intervals of 2m aong the dannel
crossprofile & bankfull level,

» edtimation of the percentages of visible sediment within ead of the five size
grades, aided by the use of a 1m botanicd quadrat frame divided with strings
into 100 percentage squares.

* averageing of the results from ead sample point to provide sediment size
grade percentages for the overall cross gdion.

Fig.3.93 illustrates the typicd wide variation in grain size observed within the bed and
banks of upland reades of the Mawddad and Wnion.
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Figure 3.92

Spedfication of fractions of different sediment size grade at each
crosssedion sitewithin ariver r each

Figure 3.93

Sediment ranging from
sand to cobble grade,
exposed in the bed and
banks of the Afon Gain,
Oernant reach.




Limits can be spedfied for the maximum verticd or horizontal erosion permissble &
any crosssedion site (fig.3.94). This allows erosion to be limited where solid
bedrock is present in the river bed or river banks, or where walls or bridge éutments
stabili se the dhannel. The maximum permitted deposition may also be spedfied.

=Prniect Data il

[ Record RE | Record NT | Record IT | Record PR | Records PX, PW | Record MR |

Streampower Minimization Control
[ ] Include MR Record

Cross-gection # |Left Side Boundary Right Side Boun... [Lirmit for Scaurin .. Limit for Depositi...
1 0.0 100.0 2000 20.0 -
2 0.0 100.0 200 200
3 0.0 100.0 2000 200 =
4 0.0 100.0 200 200
g 0.0 100.0 2000 200 |
3 | 0.0 100.0 2000 2000 : hal
P ) ) ; i v

Angle of Repose of Bed Material

Angle of repose at and ahove the water surface: 0.0
Angle of repose below the water surface: 80.0

Figure 3.94: Spedfication of controls on bed and bank erosion and deposition

A further parameter required is the maximum stable ope angle dlowed for the
channel banks, above and below the water level. Thiswhich will depend on the
cohesive properties of the exposed sediment .

Oncethe dannel geometry and sediment charaderistics have been spedfied, it is
possble to smulate individual storm events. GSTARS requires discharge and water
surface éevation data to be entered for a series of time steps during the smulation
(fig.3.95). The acual length of atime step may be set by the user: 15 minute time
steps have proved satisfadory for the Mawddad model.
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B
Discharge and stage data option: |Stage.discharge tahle at a control section | - |
(RecordTQ |'RecordDD [ 'RecordRC | Record SQ |
Stage-Discharge Table
Station: Mumhber oftime steps Discharge (m*3is) Water Elevation (rm)
1 0.1 24048 -
1 0.1 2409
1 0179 241.0
1 0.888 3413
1 3626 2416
1 10,309 2420
1 325 242.4
1 40625 3426
1 53677 242.9
1 59,467 2432
1 115,733 243.4 l
1 140446 2436 T
1 162.608 243.8
1 178.565 2429
1 185.054 2439
1 178,132 2428
1 158.702 2437
1 132.797 2435
1 105.437 2433
1 80,663 2431
1 50138 2429
1 45789 2427 =]
1 35012 3425
1 26616 242.4
1 2002 3423
1 15.013 242.1
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Figure 3.95:

Entry of discharge
and water elevation
data during astorm
event on a reach of
the Afon Mawddach.

Discharge data for storm eventsin July 2001 and February 2004were determined by
the HEC-1 hydrograph model within the Watershed Modelling System. Water depths

were cdculated from the discharge values and river crosssedion cdibrations

described previoudy in sedion 3.2.

Thefina stage in setting upa GSTARS simulation is to speafy the quantity and

frequency of output data during the run of the model. Output may include water

depth and velocity values for ead crosssedion, sediment volumes transported

within eat size dass the extent of bed and bank erosion or deposition, and data for

plotting changes to channel crosssedions.
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Sediment transport modelli ng has been carried out for two flood events over the
Mawddad+Wnion cachment, the convedive storm of 3 July 2001 and the sequence
of frontal storms of 3-4 February 2004

Flood event of July 3, 2001

The flash flooding caused by the squall li ne thunderstorms of 3 July 2001 has been
described in chapter 1.1. A vast amount of erosion of valley-infill perigladal and
gladal sediments occurred duing the flood. Particularly significant changes to valley
form have occurred within the gorge sedions of the Mawddacd and its tributariesin
the Coed y Brenin forest (Mason, 2002).

A hydrologicd model was produced using HEC-1 software for the 12 sub-cachments
of the Mawddach and 8 sub-cachments of the Wnion. The synthetic hydrographs
generated (figs 3.59-3.60) provide river discharge data for input to the GSTARS
sediment model.

The results of the run of the GSTARS model for the Mawddad sub-cachments are
summarised in Appendix D Table 1, which ill ustrates the methodology for carrying
out the smulation. Sediment movement is cdculated over a9 hour period following
the commencement of storm rainfall:

» Cadculations begin with the headwater streams of the Mawddach and Gain in
the Alltlwyd and Oernant readies respedively.

» Sediment quantities within ead size caegory are passed downstrean to the
next readies; the Gwynfynydd read on the Mawddadh and the Pistyll Cain
read on the Gain.

» Sediment from these @wnverging headwaters is combined as input to the
Ganllwyd read.

*  Sediment from the Eden and Gamlan is combined the output from the
Ganllwyd read of the Mawddadh main stream, as input to the Gelli gemlyn
read.

*  Sediment from the Afon Wen isfinaly added to provide input to the
Llanellityd read.
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Altitude (m)

e Output from the Llanelltyd reat enters the tidal head of the Mawddacd
estuary.

Datafrom Appendix D Table 1 is simmarised in the dart of fig.3.97. It is e that
both erosion and deposition occurred at different points within the Mawddad river
system during the flood event. Thisisrelated to the polycyclic relief of the
Mawddad cachment, producing a series of stegp rejuvenated river reades
interspersed by reades of gentle gradient (fig.3.96).
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300
Oernant 3 3
4
250 =

3
200 Z
Pistyll Cain / / Gwynfynydd
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5 Ganliwyd
60 16
Llanelltyd 4 3 4
a7 6 54 32 1 Gelligemlyn
0

-9
-V

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

Distance upstream from the tidal limit (m)

Figure 3.96. Reaches of the Mawddach sub-catchment.
Read reference numbers refer to figs 3-97 and 3-100.
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Valley crosssedion plots produced by GSTARS appea consistent with profile
changes which occurred during the 2001 flood event. An example is the eosion of a
river cliff in glagal till at site 5 in the Oernant read of the Afon Gain (fig. 3.99).
Both verticd and lateral erosion have been smulated, along with deposition on the
inner curve of ameander (fig. 3.98).

280

275 A
270
265

260 -

255

250 /

245

120 140 160 180 200 220
metres

240

Figure 3.98 Modelling of channel profile cthange during the July 2001flood
event, Oernant reach of the Afon Gain. Initial pre-flood profileinput to

GSTARSIs $own in red, with the modelled post-flood profile shown in black.

Figure 3.99: Photograph of the Oernant site depicted in the aossprofiles of
fig.3.98. River cliff erosion occurr ed during the July 2001flood, with gravel
deposition on the meander dip-off sope opposite.
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Details of sediment movement within the Oernant and Pistyll Cain reades of the
Afon Gain are given in fig.3.100.

ﬁ boulders D medium gravel [

coarse gravel - coarse sand -
cobbles fine gravel

silt — fine sand

EO0O00

deposition

40000

20000

-20000

-40000

-EO000

-20000

- 100000
erosion

< Pistyll Cain < Oernant
-140000

Figure3.100 Erosion/deposition volumes (m°) for river secionson the Afon Gain.

-1z000a

Sediment erosion and deposition volumes for modelled sedions of the Afon Gain may
be related to changesin river gradient. Erosion predominates, with alarge sand
fradion predicted at most erosional sites. This corresponds well with field
observations of extensive eosion of glaadal and periglaaal valley infill, for example

at Oernant sites 1-2 where the river has deeply incised a shed of sandy gladal till

(Fig. 3.101).

Sites of significant deposition, particularly of coarse grade material, may also be
found within the upland reates where valley gradients are reduced. An exampleis
the deposition of gravel on grasdand alongside the Afon Gain at Oernant sites 34
(Fig. 3.102).
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Figure3.101: Erosion of glacial till by the Afon Gain at Oernant sites 1-2
marked in figure 3.100

Figure 3.102 Grave and sand deposition on grasdand at Oernant site4, along with
treedebriswashed down from forestry plantations bordering theriver.
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Movement of boulder-grade material is lesscommon, but was predicted for the aeaof
Pont Abergeirw on the upper Mawddad. This ste (fig.1.15) has prominent boulder
deposits within the dhannel, derived from glaaal till. The simulated hydrograph for
Pont Abergeirw indicates a rapid flash flood event close to the ceitre of the mnvedive
storm, where large water discharges from converging high-gradient streams were
powerful enough to inflict considerable damage on the historic stone bridge.

The Mawddadh flows through an areaof disused metal mines, and considerable
guantities of mine spoil were eoded from tips on the river banks (fig.1.91).

A sedion of forestry road along the Mawddadh valley within Coed y Brenin was
washed away by erosion on the outside of a meander, and has subsequently had to be
rebuilt (fig.1.16). At these sites, erosion is modelled during the GSTARS simulation
which is consstent with the field evidence Large anounts of deposition and erosion
are recorded for the lower Mawddad close to the tidal limit (fig.3.79), which is again
consistent with field observations of the large unstabili sed banks of poorly sorted

sand-gravel-cobhble sediment which acawmulated in this area

Fine sediment output is modelled as continuing at an exceptionally high rate for the
day after the initial storm event, and was deposited on the floodplain of the lower
Mawddadh during overbank flow (fig.3.103). Twelve hours after the storm, the
normal gravel bed of the Mawddadh at Gelli gemlyn was observed to be cvered to a
depth of several centimetres by coarse to fine sand. This sediment had been washed
downstream by the following day and the dean gravel bed restored.

A feaure of interest isthe cntrast in bed sediment grade & the confluence of the
rivers Mawddadh and Eden nea the vill age of Ganllwyd (fig.3.104). Bedload of the
Mawddad is predominantly of coarse gravel and cobble grade & this point, whilst the
channel of the Eden is composed largely of boulders. From the sediment transport
data presented in Appendix D Table 1, it isinferred that boulders within the Afon
Eden are largely immobile residual deposits, left behind after the e@osion of Boulder
Clay valey infill. Any boulders reating the more powerful River Mawddadh may be
rolled downstream as bedload and buried by large volumes of gravel during flood
events.
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Figure 3.103 Deposition of sand and silt on the M awddach floodplain south
of Gelligemlyn. Photograph: Chris Dixon

Figure3.104 Confluenceof the Afon Eden (approaching from the middle
distance) with the Afon Mawddach (flowing towards the left in the foreground).
Noticethe montrast in bed sediment grade between the dhannels.



Modelling of sediment movement in the Afon Wnion sub-cachments during the

3 July 2001 flood event was carried out by a similar method to the Mawddad sub-
cachment model.

»  Sediment output is caculated separately for the Drwsy Nant, Pared yr Y chain,
Craig y Benglog and Rhobell Fawr reades. These volumes are mmbined as
input to the Craig y Ffynnorn/Bontnewydd read.

*  Output from the Afon Clyweddog is combined with sediment from the

Bontnewydd read to provide input to the Lower Wnion read.

Sediment transport datais sImmarised in Appendix D Table 2, and presented
graphicdly in fig.3.105. Significant sediment erosion and deposition is restricted to
the western part of the Wnion sub-cachment, particularly the Bontnewydd,
Clyweddog and Lower Wnion reades. Thisis constant with the raingauge data (cf
fig.3.55). The maximum storm rainfall centre was locaed to the north over the
Mawddad sub-cachment, but an additional convedive cdl of lesser magnitude
appeasto have been adive over the Wnion valley between Dolgellau and
Bontnewydd for part of the storm event.
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Figure 3.105 Sediment movement during the 3 July 2001flood event: Wnion sub-catchments
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Sediment ranging from coarse sand to coarse gravel grade is predicted to have been
deposited around the town of Dolgellau (fig.3.105, Lower Wnion site 1). Thisis
consistent with the large volumes of mixed sediment which acaumulated at Bont Fawr
(figs 3.106-3.107).

Figure 3.106 (above).
Mixed sediment which
accumulated closeto Bont
Fawr, Dolgellau, as a result
of the July 2001storm.

Figure 3.107right).
Detail of the sediment
accumulation in fig.
3.106during itsremoval
after theflood event.
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output rate [tonnesfhour]

Output to the Mawddad estuary

Table 3.3 and figure 3.108 gve GSTARS estimates of total output rates of sediment

to the Mawddad estuary during ead 1.5 hour time period within ead sediment size
grade. Sediment discharge data will be used in Sedion 3.4: River and Floodplain
Processes, to provide input for flood scenario modelling for the Lower Wnion valley

around Dolgellau.

Sediment grade

time (hours) 1 2 3 4 5
0 0 0 0 0 0

15 9476 4322 236 441 0

3 41580 39389 1447 4782 0

4.5 59634 53842 2027 5770 0

6 46960 52409 2308 4991 0

7.5 36867 32126 1859 707 0

9 26128 10676 965 0 0

Table 3.3. Sediment output rate (tonnes’hour) during each time interval of the
3 July 2001flood event.

F0o0n

Sediment grade
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44 [

time from commencement of storm event [hours)

7.A

Figure3.108 Sediment output ratesfor sediment size dasses during each

timeinterval of the 3 July 2001flood event.
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Flood event of 3-4 February 2004

Sediment modelli ng for the flood event of 3-4 February 2004was carried out by the

same methods described for the July 2001 model, with the exception that output was

generated at intervals of 48 time steps of 15 minutes, i.e. eat 12 hours, during the 2

day smulated period. Results for the Mawddad sub-cachments are shown in

fig.3.110 and Appendix D Table 3, and results for the Wnion sub-cachmentsin
fig.3.111and Appendix D Table 4.

Sediment output to the estuary is iown in fig.3.109 and Table 3.4. A substantial silt

and sand load is modelled for the whole period of the flood event. Thisis consistent
with observations of high suspended sediment load for the Afon Mawddad as it
discharged into the head of the estuary (fig.2.49).

Sediment grade

time (hours) 1 2 3 4 5
0 0 0 0 0 0

12 592 275 19 99 0

24 559 262 18 54 0

36 423 161 12 28 0

48 648 319 21 77 0

60 482 174 4 16 0

Table 3.4. Sediment output rate (tonnes’hour) during each time interval of the
3-4 February 2004flood event.
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Figure3.109 Sediment output ratesfor sediment size dasses during each
timeinterval of the 3-4 February 2004flood event.
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Figure 3.111 Sediment movement during the 3-4 February 2004flood event: Wnion sub-catchments
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Summary

Modelling carried out by the GSTARS program for the July 2001 and
February 2004flood events provides results which appea consistent with field
observations of erosion, sediment transport and deposition during these events.
The program has been succesdul in predicting changes to channel cross
sedions.

Experience during the modelli ng adivity has siown that acairate rainfall
patterns and sub-catchment hydrographs are required for successul sediment
modelli ng, with results particularly sensitive to the large locdised variations
which can occur within a mountain area

The ped rates of sediment discharge estimated by the GSTARS model for the
July 2001 flood are goproximately one hundred times greaer then those for
the February 2004flood. Thisis consistent with field observations of
exceptiona river bank erosion to a height well above normal flood levelsin
the gorge sedion, and extensive deposition of fine sediment acossagricultural
land in the lower valley of the Mawddadh.

It must be taken into acount that the February 2004flood continued for
approximately ten times the duration of the July 2001 flash flood, so the
overal movement of sediment was considerable. Floods approading the
magnitude of the February 2004 event are an annual occurrence within the
Mawddad cachment. Over a period of time, the volume of sediment
redistributed by annual river processes may be equal to, or greder than, the
volumes of sediment redistributed duing rare extreme events.

Estimates of coarse sediment deposition for the Lower Wnion and the head of
the Mawddad estuary have been obtained for floods of different magnitude
and duration, along with estimates of the volumes of coarse sediment
transported downstream. This data will be used in Sedion 3.4: River and
Hoodplain Processs, to model flooding for the Lower Mawddadh and Lower
Whnion under different channel deposition scenarios.

This preliminary evaluation of GSTARS has been qualitative. Further
guantitative studies are needed, in which acarrate field measurements of
sediment erosion and deposition during flood events are compared to results
generated by the sediment transport model.
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