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- Abstract.

This thesis aims to examine effects that different configurations. of roughness
elements have on interstitial sedimentation of fines within lowland gravel-bed rivers.
Three configurations of roughness elements were used, Conﬁguratlon I and § have
half the interstitial area of Configuration II1, 1.81*107 and 3.62*10"° m? respectively.
These were designed to replicate shapes of interstitial components commonty found
within gravel-bed rivers.  Three reaches were located on Burleigh Brook,
- Loughborough, Leicestershire, UK, where each configuration was represented.
Replication of configurations at each reach allowed for hydraulic differences
between reaches to be overcome. The main aim'is to examine whether different
roughness configurations affect infiltration rates and grain size distributions.
Sediment traps operated for 12 months, being removed and replaced after each flood
- or elongated period of base flow. The material collected was dried, weighed and in
cases during which a single flood event occurred, the material was sieved. Elongated
periods of base flow allowed corrections to be made to the collected weights, -
subtracting estimates of base flow sediment deposition that occurred within that
event. The flood hydrographs have dlfferent t1me spans, therefore average hourly
infiltration rates were determined, kg m™ hr, to allow comparisons to be made.
Data were examined to assess if any relatlonsths could be seen between these rates
and peak flood stage or roughness configuration. Results from statistical analysis
clearly demonstrate that the sedimentation rates observed within this study differ
between each of the three reaches, therefore validating the need to analyse each
individual reach separately with regard to infiltration rates. Analysis shows average
infiltration rates increasing with non-linearly stage. The container beneath the traps
was filled with material in events when stage exceeded 0.40m. Results obtained for
higher flows are therefore only estimates of minimum infiltration rates. With regard
to effects that the configurations have on infiltration rates, Configurations I and II are
statistically derived from the same population, whereas Configuration III has lower
rates. Of those events when the collected sediment was sieved, the statistical
analysis reveals that only stage has a significant effect on size distributions of the
infiltrated sediment. Events in which flow depth was greater depict coarser
infiltrated material than events with a fower peak stage. However, statistical analysis
examining the effect that trap type have on the size of infiltrated material does not
‘reveal any consistent conclusions throughout the complete data set

'Keywords

lowland gravel-bed infiltration rates of fine material, size of infiltrated matenal
roughness elements, storm hydrographs
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Chapter 1.
Introduction and Scope of the Study.
1.0 Definition of the study.

- The aim .of this thes'iS is to e).taln..iné the effects that artificial roughness
elements have on the interstitial sedimentation of fine material within lowland gravel-
| bed ﬁ_vers. The study was undertaken on Burleigh Brook, 2 tributary of the Rive_r '
Soar, Leicestershire. The objectives afe ﬁNo-foId, one regarding the sediméntatidn
rafes and second, the size of infiltrated particles. The infiltration rates and varation in
grain é.ize within the deposited material are complex. They are believed to relate to
the sediment suppiy (Petts, 1984, Reid et al., 1997), transport mechanisms operating
(Sear, 1996, Shih and Korhar, 1990), local hydraulics (Einstein, 1968), dimensions of
the interstices (Frostick ef al., 1984, Reid and Frostick, 1985), reach morphology
(Diplas, 1994, Laronne and Carson, 1976) and scour and fill sequences (Diplés and
Parker, 1992, Haschenbméer, 1999). This study aims to examine both the rates of
sedimentation and the size properties of the deposited material in relation to th¢ size
and .sh_ape of interstitial components of the bed. Other components examined in this
study inctude the physical characteristics of individual flood hydrographs and fheir

timing, in relation to other hydrographs temporaly.

The sedimentation of fine material into gravel-bed rivers is of major importance. The
implications of the intrusion of fine material into the framework of lowland gravel-

bed rivers are highly variable, These include the loss of habitat for benthic organisms
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ranging in size from invertebrate larvae up to large aﬁuatic ve;tebrzites (e;g. Wood and
Armitage, 1997, Sear, 1993). SiItation of m_any gra-vel-bed rivérs has resulted in the
loss of trout and salmon fisheries (e_.g. Lisle, 1989). vael rivers are néf the only
fluvial environment that are affected by.an influx of fine material. Dﬁring the well |
documented low flow periods of the past few summers within.the United'K_ingdom,
(1988 — 1992, 1995 ~— '1997) tﬁe extent to which riverbeds have become ﬁovergd' in
" .ﬁnc_:r grﬁined materiat has increésed on a seasonal basis (Wood and Armitage, 1999),
However, it is the sedimentation within p;-)reé that is of primary interést in this thesis,

not processes occurring within backwater zones.

lRe.search reported in this thesis assesses ‘the role that roughness elements have in
promoting the sedimentation of fine material in lowland gravel-bed rivers. The
roughness elements used provide simulations of different sized and shaped interstitial
components of a gravel bed. For ease of replication and simpiiﬂcation of the
hydraulic processes occurring in the. vicinity of the studied interstices, hemispheres
were used as the roughness elements (see Chapter 3.1). Spherical particles have often
- been used in initial studies of processes occum'ﬁg in gravel-bed rivers (e.g. Ling,
199‘5). Use of hemispheres allows styﬁsed interstitial pore spaces to be determined.
Those used in this study are similar to the three and four pointed pores of Frostick er

al., (1984). The interstitial components and hemispheres can be seen in Chapter 3.1.
‘1.1 Fine material in gravel-bed rivers.

Fine material within the fluvial environment includes both organic and

inorganic particles. The inorganic fraction comprises around 70 — 80% of the
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suspended load (Davies and Nelson, 1993). Fines can cover a number of size classes
fanging from clay (less than 2um) through sand to granules (64um — 4mm).. Their
relative abundance depends upon flow characteristics, the surrounding geology and

local land u'se.'.

Most rivers in the United Kingdom have been influenced by anthropogenic o.oﬁvity
leading to an increase in the volume of sediment inobih'sed by river systems in many
instanoes (e.g. Sear, 1995 Pender et al. 1998) Thfs additionol sediment, esoecially |
within gravel-bed rivers, has lead to detnmental modifications of the nverbed mamiy
| through 1ncreased cloggmg of gravel pores (e.g. Thoms 1987). The sedlmentatlon of
‘ﬁnes has brought about the loss of benth:c habitats (Wood and Anmtage 1999),
altered hydraulics (Einstein and Chein, 1955) and changed sediment transport patterns
(Laronne and Carson, 1976). Siltation has also affected the recreational use of

waterways (Clark, 1985).

The composition of the suspended load differs from the sedjmenf which is deposited
within the gravel bed, with a large proportion of silt and clay carried in suspension,
but comparably little of these size grades are caught in sediment traps, as observed by
Lisle (1989). Large volumes of sediment are transported episodically - the ingress of
sediment into interstices is not constant over time and it also varies spatially within
the channei (Adams and Beschta, 1980), IFurthermore, tho conocn_tration of infiltrated
fines 'changes with depth (Schalchi, 1992). Indeed, Davies and Nelson (1993)
~ observed that," after a storm levent, the inﬁ]fration of ﬁnes was to a depth less than
Imm. This. conooorates Beschta and Jackson’s (1979) assessment thot fines

constitute only between 2 — 8% of the total volume of bed material.




- 1.1.1 Introduction of fines into rivers.

: Sources‘ éf fine material within a catchment are variable. Sedime.nt yield
'depends upon élimate, geology and soil type, relief o_f the éurrouhding catchment,
vegetatioh and land use. Climate, vegetati.on cover and land use are variables that
o 'change either on an annual basis or as 3 result of an alteration in land management

strafegieﬁ. .Erodability an.d. erosivity are important .factors when examining the
surrounding geology an.d‘ sdil types. The climate of the .Ul.liltEd Kingdo.m‘is fow in
'.terms. of erosivity, .but on _remqval of the vegetation, the unprotected soils are of
- medium .erodability. Walling and Webb (1983) produced a world map assessing the
sediment yield of catchments. Catchments within the United Kingdom yield up to
100 t km yr' but there are areas around the world which exceed 1000 t km yrl.
‘These are typically high relief catchments in the loess; regions of .Asia (Wailing. and

Webb, 1983).

The intréduction of fine material, via bank erosiori, surface run-off, mobilisation of
surface mafen'als, brings prob.lems of pollution. The sediment can often have an
increased heavy metal conteﬁt (e.g. Macklin and Dowsétt, 1989), "a higher |
concenfratibn of pesticides (e.g. Foster ef al., 1996), and radionuélides (é. g Walling
and Woddward, 1992). Thesé pot¢ntiaily bring detﬁmental effects to the riverine
 system, affecting the chemical composition of the water and sediment and leading to
changes in the benthic community and stream macrophytes (e.g. Saltveit et al., 1994,
Wolfendenland. Lewin, 1978). - In Norway .suspended sediment concentrations are

monitored as a water quality pafameter (Faugli ét al., 1998).
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12 Movement of fine material through the fluvial system.

There are two processes by which sediment moves through ﬁver systems
either as bedload or in suspension. Both methods of transport are widely discussed
within the academic literature. Thé next two sections give an insight fnto the
mechanjsms involved and academic questions currently being discuséed, along with
sampling strategies which have been- deployed to quanfiﬁy fluxes of both sediment
pathways. Bedload transport is more difficult .to measure and quantify and will be

- dealt with first.
1.2.1 'Bedload ti‘énsport.

The literature concerned with the movement of particles along the bed is
divided into two main themes, the first being the mechanisms by which the sediment
is entrained from the bed and second the distance over which these particles are

moved. Within both these themes there arc a number of different schools of thought.
1.2.1.1 Entrainment.

Initiatioﬁ of sediment movement, entrainment, occurs when the particle’s
weight is overcome by the drag forcer of thé flowing fluid pulling the grain out of its
position and moving it doﬁnstre;clm. .Tﬁis depends upon the magnitude of the critical
drag velocity and bed stres§ (Pye, 1994). Much of the existing literature concentrates
 on the mechanisms by which individual particles are brbught into motion, with recent

~ debate being concerned with the precise timing of movement (Bufﬁngtori and
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Moﬁtgbmery, 1997). It is this obsérvation on the exact timing of entrainment thaf 18
. difficult to determine because of the difficulty of precisely defining the moment 6f
initial movement. Shields (1936) extensively studied entrainment, culminating in the
conﬁtruction of .the Sheilds’ diagram, which shows how theh entrainment function, 0,
varies With the particle Reynolds number. © describes shear at incipient motion in
dimensionless form. At high Reynolds number (> 200), viscous forces become
unimportant and the entrairjment function tends to a constant value that depends on
such factors as particle shaﬁe, degrée of protruéion from the bed, and_the overall
degree of particle sorting and be_d roughness. Traditionally this value has been

determined to be 0.06 for well-sorted sédiment and 0.047 for poorly sorted material -

(Miller et al., 1977).

These values are very conditional on how each researcher defines the initiation of
movement. Many different definitions for the beginning of particle motion have been
useci to identify the threshold of movement. Buf’ﬁngton and Montgomery (1997)
report that there are four common methods for defining incipient motion.
1) visual observation
- 2) extrapolation of bedload transport rates to either a fow
reference.value Or zero |
3} development qf competence functions that relate shear _stréss to
the largest mobile grain size, from which the critical shear stress for a given size of
" interest can be established, and |

4) ~ theoretical calculation,
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Komar (1987) states that despite the control of variables (flow velocity and sediment
size) within his flume experimentation, thresholds of movement still show a

considerable amount of scatter.

The critical dimensionless shear stress is the ratio of the fluid forces tending to iniﬁate
motion of a particle to the inertial férce tending to keep the particle at rest. Shields
~ (1936) determined that fci. was solely a function of the Reynolds n_umberQ For
| Il{eyr.iolds. values largei' than 106, Tt app;oacﬁes a coﬁstant nutflbér';' Résearchers‘
since 1936 have reanalysed Shié]ds original data Set, and Gessler (1971) reports a

- value of 7.+sp of around 0.046 while Miller ez al., (1977) ascertained a value of 0.045,

_There have been a number of studies that have attempted to add information to the
- Shields diagram or redefine the value attributed to incipient motion. The presence of
bedforms increases the shear stress necessary to initiate particle motion when

compared to a plain bed (Brayshaw, 1985; Hassan, 1993). A further problem

 identified by Andrews (1983) is that associated with grain size-distributions found in

natural_channels. Most rivers do not possess a substrate of uniform size distribution,
- and therefore this can affect the forces acting on individual particles. Andrews (1983)
ascertained that the forces changed in two distinct manners, 1) the smaller particles

within a natural river bed can be hidden in the turbulent wake of larger particles; and

2) the force necessary to initiate a larger pebble follihg over smaller particles is less

~ than thaf required to move a small particle over larger ones. Andrews (1983)
concluded that 1.+ value 0.06 given by Shields is a good average for variable size

distributions and justifies ignoring the of determination of different values for




Th

 different mixtures of sediment. In reality there is a frequency distribution of

dimensionless critical shear stress for a range of grain sizes.

Sorting and shape affect the mobility and therefore the value of 6. Greater sbrting and
an increase in.angulan'ty causes ihe grains to be more resistant to movement and
therefore an iecrease in Terso values. In contrast, increased sphericity, and a looser
peeking arrangement and surfaces w1th protruding grains have increased grain

mobility, resulting in lower 1.+sy values (Fenton and Abboﬁ, 1977). .

Fenton and Abbott (1977) assessed the influence of particle i.nt.rusion into_ flow and_
the subsequent ease of entrainment. From first principles, the disturbing forces acting
on a particle increase and resistance deereases as a particle is protruded further into
the flow. Protrusion effects are not consistent with Shields curve and show -
considerable deviation from it. Fenton and Abbott’s experimentation coﬂcentrated on
three particle shapes; regulaf sﬁheres, gravel and over riding grains. Experimentation
with different sizes of regular spheres showed that as the size of the particles
increased, resulting in a grain Reynolds number increase from 100 to 1000, \}alues of
0 decreased, from 0.06 to 0.03. Those experiments involving gravel produced a
 markedly different set of results. It was observed that @ was more dependent upon a
ratio of p_rotm_sionto grain diameter, p /D (where p is the measure of protrusion and
D the peﬂicle c:h'ameter)‘ Under turbulent flow conditions protrusion is an important
factor .goveming grain stability. When investigating -over riding, it was observed that
in some instances, the protruded grains had to be nearly a full grain diameter into the
flow prior to the initiation of movement. VlAndrews (1983) in his research on relative

protrusion stated that the effect of protrusion is compensated for by. difference in-




particle we.igh_t.. From this it was concluded that bed material within a faétor 6f three
of the median particle diameter of the subsurface material would be entrained w1thm a
small range of shear stréss, 1.. Brayshaw et al., (1983) examined the mechanisms by
which particle protrusion affected entrainment. They foﬁnd that a protru.dix-ag pafﬁcle
causes a change in the surrounding pressure field, which results in a deviation of
particle entrainment from the Sheilds curve. This change in flow field affects botﬁ the
upstream and downstreain faces of the protruded particle by altering the magnitude of -

the lift and drag forces.

| Anotfler importanlt faétor when examining entrainment is the pivot angle. Li and
Komar (1986) and Komar and Li (1986) have closely examined this effect. They
deduced that the pivot angle (¢) of the grains resting upon one another was
' responsible for selective entrainment. - The size of ¢ depends upon the ratio of
diameter bctwéen the particle to be eﬁtrainéd and those upon Which it rests;. The
larger the ratio, the sfnaller ¢ and therefore the easier it can be pivoted out of position.

“The equation for determining the pivot angle is

¢= {2) Equation 1.1
RN V' _

(where e and f are coefficients, D is the grain diameter of the pivoting particle
and K is the diameter of grains upon which D rests) '

This pattern is self evident for spherical grains, but other particle shapes causes
complications especially in defining the pivot angle. Ellipsoidal grains produce a
change in the constant e of proportionality, which means that ¢ will now depend upon

both the grain shape as well as its size. This change in the e coefficient is determined
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by the.oriéntation of the ellipsoidal grain on the bed surface and in 'particular, Whether

it is more likely to pivot or slide. This is dependent upon the D, / Dy, ratio of the ; '

particles involved. A further deviation away from the values of ¢ for spherical grains

depends updn the ability of angular grains to interlock. This greatly increases the

value of ¢, as the pivot angle is now the sum of the angle of contact plus the angle

associated with imbrication. Again as ¢ increases so does 8. Smaller particles within
a mixed bed tend to ‘hide’,.having greater pivoting angles that inhibit entraiﬁnient
despite their smaller weights. Additions to this theory indude placement of the upper
grain and the form of pivoting (Johnston, 1996). The form 6f pivbting is dependent
ﬁpon where the grain sits on top of énother ﬁarti'cle, or in the saddle betweeh two or
more. Johns_toﬁ (1996) ascertained that the distribution of pivot angles for the
entrainment df individual size fractions in a mixed-size sediment is lognormal in

form.

Both the pivot angle and the degree of protrusion affect the timing of entrainment
with respect to the value of the critical shear stress needed. Another factor which is
related to the above is the hiding factor. This has an effect by reducing the fluid

forces acting directly on the particle (Andrews, 1983).

The continuing debate is over the exact timing of particle entrainmenf, and therefore
the relationships that exists between entrainnient and bed material size. If the
threshpld for movement is one or two grains_ moving, then entrainment is thought to
be governed by median grain size, whereas weak movement of grains‘. is an indication

“that a coarser grain size is responsible for the threshold of motion (Komar, 1987).
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Recent lite'rature. is concerned With the deba;te between equal mobility and size |
selectivg transport. Andrews and Parker (1987) define the occurrence of | equal
mobility as the period when the grain size distribution of the bedload is equal to that
.of the bed. Ashwoﬁh and Ferguson (1989) argue .th!at‘ in ‘p‘re.:cise equal mobility the |
- mean diameter of .the"bedload would be equal to that of the bed. Parker er al., (1982)
first introduced the concept of equal niobility, by étating that all grain sizes have an
| equal likélihood of transﬁdrtation when crifical ;:dnditiohs of armour layer break-up
occur. Data from Oak Creek Oregon, indicated a systematic chaﬂgé in bedload size
distr_ibution with increased shear stress, i.e. the higher fhe stress, th: greater the
.median size of bedload. Wilcock (1993)‘ ﬁgreed with this statéme;nt, and added tﬁat
any lsize distributions of bed material became entrained at '.nearlly eqilal flow
conditions. Wathern et al., (1995), however, showed that differing size fractions
posseés ciifferent properties. It is only sands that are endoWed with equal mobility and
as particle size increases the entrainment becomes more size selective. Chuich etal,
(1991) have addressed the behaviour of the sand fraction with regard to equal
mobility, and state through their observations that there is near equal mobility within

the sand fraction.

In opposition to the theory of equal mobility are those who believe that particle
entrainment is size selective. Ashworth and Fergﬁson (1989) are two of the manjr
proponents. Their data set demonstrated that in Six_ of fhe eight reaches examined,
mobility decreased with increasing particle size. They also h.ighlighted that
d(;wnstream ﬁhing, apparerit in the Allt Dubhaig and Rivef Feshie, was iﬁdjcative of ‘
sizé selective entrainment,  Ashworth and Ferguson, do concede that at high shear

stresses some bedload samples were nearly as coarse as the bed. These might have




matched the bed if the éamples had ndt been limitéd, asa c.onse;quence of the sizé of
- the bedload sampler, causing under-representation of the coarser material. However,
in concluding, they state that during low flows, entrainment by size selection was
more prominent, but near attainment of equal mobility occurred at greater critical -
s.tresses' before‘ combletb armour break-up. This poi_nt. of arrﬁour break-up has
© important irﬁplications fbr the detérhiination' of flushing .ﬂows_ which are designed to
lmobilislé the bed surface and remove fine material from the subsufface. A total lack
of selective entrainrhent and sorting would yield a hbrizontal iine; on the Shields
éurve, where 14 equals a constant that is independent of Di. Komar and Carling
(1991) concluded that one measurement of bed material, either Dso or Dys could be
used to determine flow competc_ncé equationé. This would mean that each. stream has
its own unique ﬂow c'ompetehcc that is resultant upon grain sorting and material

‘sources.

The current debate within entrainment theory concerns partial and complete transport
(Wilcock and McArdell, 1997). Wilcock and McArdell stated that only a proportion
of exposed grains at the surface are actually transported despite‘ the. threshold of
dimensionless stress being exceéded for all exposed particles. Grains of a single size
within a mixed-sized bed é.re entrained over a fange of flows. Within this range, some
grains eprsed on the bed surface are active whilst the remaining surface grains are'
immobile, leading to concépt of partial transport. It is understood that complete
transport occurs during periods when there is complete break-up of the armour layer.
* Partial transport determines the active proportion of the bed surféce, thérefore playing
~ a direct role in controlling bo_th the rate and size of sediment exchahge'between the

- grains in motion, the bed surface and subsurface. This drives any grain sorting




~13-

processes, €.g. armouring, selective entrainment and deposition, downstream fining
and the introduction and removal of fines into the subsurface; Wilcock and
McArdell’s (1997) experiments showed that the‘.be‘d surface became progressively
finer as 1y increased. This was attributed to ‘mining’ of the finer size fractions from
the subsurface as a .consequence of the entrained proportion of coarse graihs
increasing with 7o. This acted by supplYing additional fine-grained sediment, which -
limits the size of vacated bed pockets. This then affects the rate and size distribution
of ﬂie' graiti exchang’é within the bed é.nd betWeeh the bed and thé active layéf. It was
found that the transition from jmmobility (Y; = 0) to full mobility (Y; = 1) occurred
over a 'rat_lge shear stresses. Also for a given shear stress, the same tmngition occurs
over a range of grain sizes, i.c. there is not a deﬁhéd shear stress to initiate motion for
a defined ‘grain size. The proportion of active grains is shown to increase rapidly from
an initial time and to asymptotically approach a constant value Y;. F.low tu.rbulence_
ensures that no absolute maximum proportion of active grains exists for a gi\}en sizé
and flow. Each particle size has a minimum velocity, below which there is no
movement, however, there also exists a minimum velocity at which all particles
belonging to this size fraction wﬂl move. It is between these two boundaries that
partial transport pfevails (Stelczer, 1981). There is a need to understand partial
transport as it has important impiications for the modellling of movement and

entrainment and the exchange of sediment between the bed surféce and subsurface.

Other authors have examined further factors that inﬂuence entrainment. Reid et al.,
(1992) assessed the influence that microform roughness elements have on
entrainment. Turbulent structures within the flow have been observed to affect

entrainment (Garcia et al., 1996, Admiraal ef al., 2000),




The main problein wuh bedload trarispo;t studies is the collection of samples. Some
_ report.lo.ss of sediment traps during high magnitude events (.e.g. Lisle, 1989) or loﬁr .7
retrieval rates of tagged partieles (e.g. Ashworth and Ferguson, 1989). | Another
problem experienced is that the majority of bedload movement occurs during daily
flows. Andrews (2000) reported that around 75% of the bedload was transported by
- discharges .equal to, or below 6.0 m’s, despite the East Fork Virgin River having
flood events'th_at fre.quently exceeded 50.0 m’s”?. Data interpretation also causes
djfferedces in -the resﬁlts ‘obtained. ~ Mithous (1973) reported more selective

entrainment than Parker et al., (1982) when examining the same data set.

I their flume study Shvidchenko and Pender (2000) observed that a higher shear
stress value is required to maintain a specified ‘sediment transport rate in higher
gradient environments.- However, after a critical slope angle, this obs'erva.tion will not
occur as slopes approach the angle of repose if the material, therefdre the sediment
mobility, becomes greatly by gravity. This flume study, also contradicts existing
theories on entrainment, by stating that critical Sheilds stress for rough turbulent flow
appears fo depend on particle ‘Reynolds nu_mber, which indicates lower flow resistance
for coarse gravel if compared to ﬁne gravel. They sugge'sted that further experimental

- studies were required to clarify this point.

The trarisition between entrainment of bedload and complete suspension of sediment
is often difficult to ascertain. Andrews (2000) observed that particles greater than

~ Imm were transported via the motion of bedload, whereas those below this arbitrary
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value are carried in suspension. Entrainment of sediment in suspension occurs via

tu.rbu_lénce ejections within the near-wall region of the fluid (e.g. Lapointe, 1992).
1.2.1.2 Deposition of bedload material,

The main eﬁlphasis of the research in this thesis is concerned with the
.depc')siﬁon of material into the gravel framework. Research into sedimentation has '7 |
been dividéd into two areas, the first being the processes occurring betweén_ thé
' fransportation mechapisms and sedimentatioﬁ; and second the implications of
sedimenmtibn-with respect to _in-Strea’m biota and management strategies. It is
however, the research intq the former that is most relevant to the study undertaken

here.

Einstein (1968) undertook a comprehensive study examining the deposition of
sediment out of suspension over a gravel bed surface. His theory was that the‘
probability of a sediment particle depositing anywhere on the bed was the same
providing that the particle was in c_:orrespdnding positions above the bed. He stated
 that p_artiéles could only be affected by turbulence if they were deposited above it.
Once these particles had settled through this layer they could no longer be affected by
the processes and therefore setﬂéd out. Murray (1970) ascertained that the fall
velocity determined from several different turbulent fields is réduced By 30%
compared to thaf found under still water conditions. Einstein (1968) also stated that
the average velocity greatly influenced the location of deposition. Schalchi (1995)
stated that sedimentation is grawty dn'vén; his methodolbgy was to examine changes

in hydraulic conductivity of an initially matrix-free gravel bed and assess conductivity
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changes against the rate of sedimentation.. Peloutier et al., (1997*) proposed that the |
bed surface tends to reduce the diffefences in fall velocities between coarse and fine

sand particles.

Thérc are a number of important factors that affect the degr'é.e of i'n.gres's of ﬁnéé.
Tﬁesc include the concem_ration‘ of fines within suspension (e.g. Einstein, 1968,
Cérling, 1984, Sch&]chi, 1995), the nature‘of ‘sedimentation of the fines (e.g. Beschta
and Jackson, _1979, Diplas and Parker, 1992) and the properties of the surface and

subsurface of the gravel bed (e.g. Frostick et al., 1984).

The concentration of suspeﬁded sediment within close proximity to the bed is an
important factor for a number of reasons. Einstein (1968) stated that the
concentration of each partiéic class affected the sedimentation as each size fraction
showed an exponential reduction in concentration over time. Also the larger classes
s.ettled out first. Carling (1984) also maintains that depositional rates are primarily
correlated to near-bed suspended sédiment concentrations, rather than hydraulic
controls and Schilchi (1995) places this first on his list of quantities that affe_ctl
siltation rates. However, further into the discussion concerning the governing
equations, Schalchi stated that the concentration of fine material within suspension
* does not affect the specific infiltration rate. Sear (1993) observed that in areas of the
channel where 'high concentrations of suspended sediment existed, the infiltrated -
particies were coarser. High suspended sediment concentrations in the near-bed
region may alter the vertical eddy diﬂ“usivity, thus inéreasiﬁg deposition. HoWever,
Colerﬁan (1981) stated that the velocity defect law is not affected by changeslin

suspended load. Lisle (1989) suggests that the infiltration rate for a given sediment
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transport rate decreases as the total sediment flux increases, i.e. the surficial interstices
are free of fine material during the initial stages of infiltration and become plugged as

 infiltration progresses; inhibiting further infiltration.

Th:e other two properties, the nature of sedimentation and the role played 'by the
surface and subsurface materials, may be inter-linked. The first of these propetties is

the manner in which the pbre spaces are initially filled, i.e. do the infiltrated ﬁhes fall

down tllxrough.the pore throats, or sit between.particles within the bed, forming a seal.

Beschta and Jackson (1979) examined how different factors influence the manner in -
which the inteiétitiai component is filled. Sizé was the mosf important factor, with

la:fger sand particles not being intruded aé far into the bed as finer ‘p.articles. In
addition to size being é factor, Beschta and Jackson (1979) discovered that ét low
Froude numbers a sand‘seal developed, which was not present as the Froude numbers
increased, as the turbulent pulses inhibited its formation. Depth of seal formation is
also dependent upon the energy of individual events, with deeper penetration
occurring with increased energy (Lisle, 1989). Diplas and Parker (1_‘992) have further
investigated this seal formation. The mechanism by which matrix development is
favoured over seal development is a result of the ratio between fines settling out and
the size of the voids into which they are falling. Lisle (1989) stated that unobstructed
settling is favoured where D;/ Dy, > 60, (where Dy is the diameter of the Dso of the
- framework, and Dy, is the Dsy of the fines).  Where there is a distinct difference in the -
size distributions of suspended load and the ﬁ@ework gravels, no seal is formed,
however, distinct bimodality rarely occurs in nature and consequently is not reported

in the literature. Binstein (1968) reported this occurring in flume experiments. This is
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thought to happen when most of the deposited material is initially carried in

suspension,

The nature of the fines and that of the surface and subsurface are closely linked.
Frostick et al.., ’(19.84) demonstrated that the subsurface framework is an important
factor in the depth and degree of infiltration. This is consequential of the packing
'arranggments,' incomplete packing stopped ingress, thus creatihg a seal, whereas
compléte packing allowed the _inﬁltrétcd material to settle through the framework,
rendéring it matrix supporteci. The size differénccs betweeh the surface and
subsurface encourages the clogging of the upper po_rés. However, during peridds
* when bed activation took place, during periods of increased flow, elevated volufnes of
fines infiltrated into the bed. The limiting factor on the size of the matrix is the size
distribution of the surface pdre throats. The size distribution of the framework also
affects the degree of infiltration. A coarser framework encourages accumulation of
matrices that are finer than those frameworks with a lower median grain size. The
greatest grain size preéent in a closely packed framéwork Will be 0.40 of the median
framework particle size (Frostick et al., 1984). However, Péloutier et al., (1997) state
. _‘that their results suggest that gravél size does not have a significant influence on the

infiltration rate of sand for a given near-bed concentration.

Lisle (1989) found that the depth of inﬁltrated material, less ;chan 2mm, into well-
sorted sub-angular gravel, showéd little consisient variation o:ver the area examined.
This contfadicts earlier work by Adams and Beschta (1980), where it was observed
that there was significant stratification of ﬁnes within a gravel bed. Within the first

10¢m, 17.4% of bed material was fines, within the next 30cm of substrate, the average.
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cbntént of lﬁnes‘ was 22.3%. .Li.sle (1989), however, does concede that the
methodology adopted in retn'evai.of fines could have dislodged the natural pattern,
thus compromising results. Sear (1993) found that only slackwater deposits possessed
“any degree of vertical size sorting, | As a consequence or pore throats dominaﬁng the
size of material that can iﬁﬁltrate into tﬁe framework, it is often observed that.thf_:

- matrix tends to become coarser towards the surface,

- Adams and Beschta (1980) observed that thé percentage of infiltrated ﬁne.;s varied
between each streambed. Schalchi (1992, 1995) has demonstrated thaf éach individual
gravel bed has its own spe_cﬁﬁc hydiaulic conductivity that changes through time with .'
sédimentation. The initial hydraulic cdnductivity of a matrix-free streambed will also
vary over time as a consequence of the péckjng arrangemenfs changing aﬁef specific
béd alterin.g events. Déposition of fines, less than Imm, is nof homogeneous laterally
across the streambed or longitudinally downstream (Adams and Beschta, 1980). It
was observed that the variation is fnore pronounced across-channel than downstream.
Hdwéver, Carling and McCahon (1987) observed that on a week by week basis there
was.no statistical differeﬁce at the 10% level in the across-stream variation in the rate
of sediment accumulation, in either the poolls or the liﬂ'l'es. Lateral variation within a
cross-section is deemed to be a ‘consequénce of velocity patterns, with the highest
concentrations of fines corresponding fo_ areas of greatest flow velocity (e.g. Frostick
et al., 1984, Sear, 1993). Diplas and Parker (1992), however, state that the absolute
* quantity of fines that can be infiltrated into a subpavcment layer within a gravél bed is
independent of boundary stress and other flow parameters. Adams and Beschta
(1980) also attribute the lateral changes in the concentration of fines to aerial channel |

changes in surface and subsurface material, as outlined above (see Chapter 1.1).
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Frostick er al., (1984) also found enhanced concentrationls of fines déposited in pbpls.
Wohl and Cenderelli (2000) observed features associated with a reservoir release that
introduced around 7000m’® of silt sized particles into the North Fork Poudre River,
Colorado. If was observed that the. deposition occurring niainiy within pools, ﬁllihg
some by a depth of 3m, whereas adjacent riffles showed a lack of infiltrated material.
It has also been demonstrated that on a stream with regulafed tributaries, the matrix i§

finer than in systéms with unfegulated tributarj inputs (Sear, 1993).

Values reported on sedimentation vary, mainly resultant on the methods and factors
that are dependent upon individual stream characteristics. Adams énd Beschta (1980)
report a number of different quantities of infiltrated ﬁnes within gravel-bed rivers,
dependent upon antecedent conditions. -~ During 1ow summer flows the bed is
comprised, on average, 6f 19.4% of material below 1mm, rising to 49.3% within
catchments where land management strategies increase the ﬁmount of fine material

available for transport.

Davies and Nelson (1993) observed that after a stoﬁn eveht, infiltration of fines was
less than Imm in depth. This value corresponds to Beschta and Jackson’s (1979)
value that fines constitute only between 2 and 8% of the total volume of bed material.
An indicator, oftéh used as a surrogate variable for depth is a mul.tip‘le-of the Dy of
the subsurface material. This can be used to compare results across different‘ rivers.
Diplas and Parker (1992) reported that a seal depth is never greater than a depth
measured by five times Dayg. .Alla.n and Frostick (1999), HoWever, report thét depth of

seal development is equal to 2 times Dy.x.  Sear (1993) observed that the depth of
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infiltration can reach depths of 300mm without the surface sediments being

mobilised.

There is élso a temporal variation in the rate of infiltration. This is ﬁaused by annual
. hysteresis in both the suspended (Meade, 1982) and bedload transport rates (Moog -
and Whiting, 1998). A report by ASCE (1992) stated that during summer months, silt
and sand deposition within coarse gravel fra_meworks increased, howevei', these were
removed by highér flows during the autumllluand winter fnonths. Sear (1993) observed
. that it was the availability of fines that predominates infiltration, irrespective of local

flow hydﬁmlics or framework composition.

Allan and Ffostick (1999), through the use of digital photography aﬁd image analysis,
have suggested a mechanism by which fines are ingressed into a gravel bed. It was
observed that prior to erosion, the surface layer of the gravel bed lifts and dilates.
During the lifting and dilation of the framework the volume of sediment increases by
" 50%. This causes fluid to be drawn into the bed. This fluid also contains fine
paﬁicles, and thus the subsurface gravels are filled with finer material. This study ‘is
the first to report such a mechanism. It, however, demonstrates that with new
. visualfsation techniques the mechanisms behind the processes éan be funhelf

understood.




1.2.1.3 Removal of fines from a gravel bed.

The removal of fines is important,_as a matrix-free bed is vital for sbawning
fish and other benthic organisms. It is agreed that the removal of fines occurs when
flow conditipns are such that the fines are mobilised, but the coarse frarhework
: .essentia_lly remain;s stable. In gravel-bed rivers, at low ﬂow strengths, the vertical
extent to which there is activity is limited to the surface layer. At greater flow
strengths, this is thought tb increase to depths equivalent' to twic.é the surface layer
(Wilcoék and McArdell, 1997). Allan and .Frostick (1999) have shown winnowing is
the most effective wheﬁ the velocity is slighﬂy greater than u.,, the theoretical criticai
value of shear velocity for the matrix particles. This value ié below that required to
éntra;'n the ﬁﬁmework. This means that the coarse particles largely remain
undisturbei whereas the finer particles aré transported downstream. The situation

explained here, oﬁly results in the surface layer being winnowed of fines.

Flow conditions required to remove fines h.ave implications for the implementation of
maintenance flows released from reservoirs to ensure that the gravel framework is
purged of fines. This is clearly important in river systems that have their annual
variation in flood di_schargeé reduced as a cons'eqﬁence of upstream impbuﬁdment of
 streams. Milhous (1998) has suggested that there are three components that need to
be addressed to ‘d.etermine the in—stream flow réquirements to provide a balanced
| system. Thesé are, first, biological components that sét the objectives of sediment
management, second, the hydraulic components to accomplish the biological goals
and third, a component that links the above to determine in-stream flow needs for the

management of sediment.
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When defining flushing flow requirements, it i§ importe_mt to determine the size of
particles that need to be removed_ Ifrom the gravel bed. In many cases, this will be
determined by the desired end use for the 7ri.ver; e.g. it may be impefative to‘
_ underétand the spawning re-quiremeritsof the fish in the stream. From this, a series of
calculaﬁoné can be used to determine flow requ_irefnents in terms of fréquency and

magnitude (Milhous, 1998).

122 Suspended Load.

This study is concerned with thé sedinientation of fines that have primarily

.been ;[rénsi)oned as bedload. HQWever, the role that suspended sediment piays cannot
- be overlooked or ignored. Suspended sediment is episodic in its.nature, with high
' conéentrations.associated with high magnitude, low frequency events (Walling et al.,
1992). This section prdvides a brief chronological examination of previous research
undertaken in examining the physic_al processes by which sediment is suspended and

moved downstream.

Cdleman (1970) introduced the sediment coefficient, €, as an important factor in
- sediment suspepsion. g is the momcﬁuun trarisfer coefficient, or kinetic eddy
' viséosity_ that is present in the theory of diffusion of momentum. This coefficient
varies with distance from the bed, describing changes in suspended sediment
concentrations over depth. g, can be derived from a graph if the suspended sgdimer}t

concentration at certain depths is plotted against reliable depth measurements.




fh

- Coleman consid.ered effe_cts of ihcréasing suspended sedimént concentrations on the
fall vélocity of suspended sediment mﬁcles in still water, but no clear conclusions
were drawn. However, Coleman did cpncedé that the data set worked upon did not
consider ef_feéts including bed configuration and roughness and therefore shear
velocity at the bed. This effects replication and comparison of these results to data
sets obtained from actual river systerﬂs. Carling. (1984) stated that an increase in
'suspended sediment concentrations in the near-bed région reduced eddy viscosity in
the vertical plane, .vs.rhich led to an increase in the availability of fines to settle out.
Elevated suspended sediment concentrations have also been obse_rved to increase.
. shear stress within the near-bed rggion, therefore changing turbulence stru.cl:ture and

often the general velocity profile (Nnadi and Wilson, 1992),

Murray (1970) examining the effect that nﬁbﬁlence héd on the settling velocity of a
barticle; stated that this was reduced by 30% in a turbulent flow field to its
corrééponding still water value, i.e. Reynolds number increases turbulence, f:herefqre
decreasing particle fall velocity. Sumer and Deigaard (1981) stated that turbulence
was the mechanism that prevented particles from settling. Therefore, they stated that
a rougher bed creates a greater turbulence intensity above it, which increases the
height of sediment suspensions. However, the individual downstream movement of a
particle was reducedlby roughness, 'which ties in the earlier work by Suﬂler and Ogﬁz

(1978)' and the break-up of ‘bursting’ flow structure that leads to settlement,

Leeder (1983) looked at advection of masses of fluid away from the bed and
- subsequent sediment suspensio'ns, confirming Bagnold’s theory on sediment

suspensions by residual Reynolds stresses. Bagnold’s theory required that the
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immeréed weight of suspended grains were supported by Reynolds stress Tyy, which is
‘an upward-directed residual, arising from ‘asymmetrical shear turbulence. It was
concluded that vertical stress was sufficient to balance the equal and opposite down

thrust of suspended sediment’s immersed weight.

Nieisen (1984) presented a comprehensive study on the motion of suspended sand
particles. He stated that vortices trap and subseqﬁently convect particles downstream.
Complications to this include osciliatory flow and other turbulence structures that

affect both downstream movement and entrapment of particles.

Ca:l_"ling (1996) in his review of in-stream hydraulics and sédiment transfer stated that
turbulence transferred frictional forces throughout the fluid and redistributed
suspended particles. He simplified the concept outlined above by stating that the
shear velocity us should exceed the velocity at which grains would settle out of still

water, thus keeping material in suspension.

Alonso and Mendoza (1992) designed a'lr_n(:)del to pfedict the near-bed sediment
concentration Mthin gravel-bed streams, This modet was applicable to high gradient,
poorly sorted gravel-bed rivers. One major assumption made, which contradicts the
other literature reviewed above, was that the influence. of both turBulent flow
fluctuations and sediment concentrations had limiteci effects on the settling velocity of
sediment particles. However, they concluded that their model was very sensitive to -
changes in the variation of gravel bed roughness, and the depth at which

concentrations were evaluated above the virtual bed.




~ With this research topic in mind, it is the motion and concentration of suspénded
sediment in the near-bed region that is of particular interest. If the ‘bursting’ theories
of Sumer ahd Oguz (1978) and Sumer and Deigaard (1981) are correct, then the
duration of these events decrease with increasing roughness, which therefore has

implications for suspended sediment dynamics in gravel-bed rivers.

Andrews (2000) has exanﬁned the temporal variations in transport of various size
fractions pf both bed and suspended load. Different flow pﬁrametérs move certain
discreet sizeci particles more effectively than others. It was observed that on the East |
Fork Virgin River, the most eifedtiVe discharge for both suspended se&iment aﬁd

bedload was eqﬁalled or exceeded on average only 5.5 days a year.

1.3  Basic Hydraulics.

Despite ﬁrsﬂy discussing bedload and suspended load prior to examining
water ﬂow, it-must be remembered that the hydraulics .are very important in the
movement of sediment through the ﬂuviél system. I have left this subject last in the
discussion as the measurements of basic hydraulic conditions were not undertaken in

this study.

Open-channel flow involves a free surface between the water and the atmosphere.
The main driving force in these situations is gravity, which forces the fluid to flow
downhill. The geometry of open channel-flow is more complex than that of pipe

flow, as the cross-sectional area of rivers is not constant. Existence of a free surface




leads to additional types of flow occurring to those found in pipes. Open-channel -
flow can be laminar, transitional or turbulent depending upon the Reynolds number of
the surface material. As a consequ'ence of the free surface, deformation can occur,

with the generation of waves.

" Rivers operate over a number of scales with differing complexities (Carling, 1996).
Observation of these scales depends upon the overall bbjectives of the study and
resolution of the instrumentation employed. Gravitational gradients and quantity of

water within the system drive large-scale hydraulic features. The flow structure,

however is resultant upon frictional forces generated by the banks and bed materials,
be this from md1v1dual grams pebble clusters (Brayshaw et al., 1983 Bufﬁn—

Belanger and Roy, 1998), or bedforms (Nelson ef al., 1993).

Velocity distribution Within open-channel flow is not éonstant, resultant upon the
friction of the fluid to the i)oundary walls. Fluid vélocity at the wall is zero with the
maximum occurring below the free surface. However, within a uniform channel, the
wall shear stress can vary across and along the wetted perimeter. The basic equations
for flow in open-channels were derived many yeérs ago, but have been continually
refined as more advanced measurement techniques have become .availabl'e. Flow in
~ rivers can be divided into a number of different layers deperrding 1_1poh the depth of
flow and the contribution of roughness elements, Disﬁncﬁve léyers within the flow
are the bed, logarithmic and outer layer énd free stream flow. The latter, however, is
only present in deep rivers. 'The time-average velocity increases from Zero at. the bed
to the free-stream velocity. The bed layer is rrormally thin and can be either laminar

or turbulent. The former is rarely present apart from over beds of smooth clays.
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_'fhe b_euhdery layer. is the region within the ﬁver where the frictional eﬂ"ects.of the
water with the bed and banks are feli. Velocity distribution with the boundary layer is
-Aobtained by the integr.ati.on of Newton’s Law of Viseosity. When the flow is fuily
turbulent the .logarithmicl profile is universally af)plied There is a wide variety in the
thickness of the boundary layer, which depends upon the nature of the bed and
therefore varying the .composition of the ﬂ.ow.- However, in gravel-bed ﬁvers, this
 boundary layer is often disrepted or absent as a consequence of the turbulenee
| generated by the roughness elements. In shallow flow the logarithmie layer may
eictenel throughout the majority of the flow. Degani et al., (1993) provides a‘

coniprehensiﬁe account of the structure'of the three-dimensional turbulent boundé.ry
layer. Their in—depth' stu&y demonstrates that the streamwise velocity distribution is

similar to that of two-dimensional flow studies undertaken previously (Yajnik, 1970).

Turbulence strongly influences the structure of the velocity profile, shear stress,
energy structure, sediment transport and the spread of pollutants in river channels,
Turbulence is.the most important, yet complicated type of fluid motion. Grass (1971)
- d_eveloped the first physical model of turbulence, a semi-theoretical relationship
describing shear stress, mean velocities, .turbullence intensities and energy budget
distributions together with basic hydraulics. Since the initial statement on turbulence
was mat-le, its recognition_' in many systems.has increased, but it stili remains difficult
to incorporate into,.many physieally based models (Clifford and French, 1993). In

turbulent flow, there is a mechanism that produces relative motions in directions other

than that of the applied shear, i.e. the movement of water in the vertical and cross-
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stream dimensions. T_he value of vertical and cross-stream flow can differ by an order

of magnitude to that of downstream flow (Rouse, 1961).

Although many of these concepts were introduced around 407 years ago, it is only
reéently'that ﬂovw} visualisation has provided a greater insight ihto these structures and
their affect on. sediment transport. Most stﬁdies of this typé have been undertaken
within flumes (e.g. Nelson ef al., 1993, Bennett and Best, 1995). This laboratory
work has léad to the adoption of a number of as_suinptions, which have been used to
underpin physical models. Tht_ase assumptfons, however, rarely hold within the
 natural environment, as turbulence in rivers is generally non-uniform and strongly
thrée-dimensional, whereas flumes are mainly two-dimensional. One problem that
-seems to be evident, where experimentation has taken place within a controlled flume
situation, is that many of the theories established canndt be imposed onto observations
-made in the fluvial environment. This difficulty has. meant that modelling the

physical environment is proving arduous.

Experiments using hydrogen bubbles and dye (Kline et al., 1967 and Grass, 1971)
established that turbulence is comprised of event structures as opposed to random
fluid motions.” quoth wall experiments revealed streaks of flow that are
goncentrated within the boundary.layer that interact with the rest of the flow through a
ﬁéchaniém .known as ‘bursting’ (Kline et al., 1967). These “burstings’ are associated
with a large propon.ion of the shear stress generated in the turbulent region. These
streéks .are now known to exist in flows over rough beds and over a range of Reynolds
numbers. ‘Bursts’ act as an exchange in momentum betwc_éen the near-wall viscous

layer and the more turbulent layer over-lying it. The ejection of low momentum fluid
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into the outer flow is compensated by an inrush, ‘sweep’ which then continues to
genefate further streaks and subsequent' ejections by distorting the v‘iécous sublayer.
This is known as the ‘burst-sweep’ model. Lapointe (1992) observed fhese ejections
associated with the suspensien of sediment. Kostaschuk and Church ( 1993)
established flow patterns around microturbulent ‘bursting’ cyeles and found that_: low
velocity bottom water was ejected towards the surface and replaced by an inrush of

higher velocity water.

Many authors (e.g. Leeder, 1983) have s.tated‘ that it is important to have a
' comprehensive knowledge of turbulence in order to understaﬁd sediment entrainment,
transport, Both traction_ and suspension, and deposiﬁon. The cencentration of
sediment moving in the beundary layer can alter the turbulence structﬁre (Wang and
Larsen, 1994). The method of particle entrainment depends upon the turbulent
structure within the boundary layer. Larger particles are entrained by the downstream
rushes that are resultant upon the high-velocity fluid impacting en the stoss side of the
obstacle. From this, high-speed fluid is convected over the obstacle creating a low-
pressure area in the lee. The attached vortex expands ejecting low momentum fluid
iﬁto the outer zone. Smaller particles lodged in ihe interstitial eomponents are moved

by chaotic vertical flows (Kirkbride, 1993).

Velocity profiles are a resuit of the interaction of the shape, orientation, space and size
distriBution of roughness _elements that comprise the bed. It is generally agreed that
velocity profiles are logarithmic in‘nature, with the greatest velocity change present in

| the region nearest the bed. This is primarily a consequence of frictional stresses that

are generated between fluid particles and the solid walls of the riverbed and bank.
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Concavity of logarithmic proﬁles is a consequence of the form drag factor on the bed.

Reasoning behind the logarithmic transformation in velocity profiles is a consequence

- of a change in the contributing elements. At the base of the profile, the flow reflects

boundary resistance associated with grain shear stress. With increasing height above
the bed, velocity measurements are a reflection of larger roughness elements
upstream. Research in this area has lead to the development of the velocity defect law

that is applicable throughout the turbulent velocity profile (Giles et al., 1994).

If acéurate velocity pfoﬁles cah be ascertained,'then evaluations of boundary .shear
stress can be made, increasing the understanding of the work undertaken by rivers
(Wilcoék, 1996). ‘B_éthurst (1978) cérmnented that the main basis for examining
velocity profiles was to obtain from them a numerical value / estﬁnate of the boundary
shear -stress and roughness lenéth. Figures for local boundary shear stress are

valuable as they aid in the interpretation of sediment transport, depth of scour and

_ deposition, which can then be related to channel change and therefore used as a

management tool by enginéers.

1.4 Scope of this study.

" This thesis aims to examine the relationship between the rate of material

infiltrated into a single interstitial pore, within a lowland gravel-bed river. The study

_examines the role that different sized and shaped interstitial arrangements have on

this. The study is carried out over three individual reaches within Burleigh Brook.

Chapter 2 sets Burleigh Brook within the larger regional context, and then continues
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. to examine each-of the individual reaches in greater detail, Chapter 2.3. The traps.
used in this study were especia}ly designed for this purpose. and the methodology '
| behind their construction is outlined in Chapter 3.1. Chapter 3. concludes by looking
at the rationale behind the sampling desi.gn aﬁd the methodology behind éample

- preparation.

The main aims of this thesis is to examine 1) the rate of sedimentation and 2) the size
of the ihﬁltrated material. As a consequence of these aiins, the sediment traps used in
this study were not filled with the méterial to cbnstitute thé subsurfa;ie bed maferial.
These rates are assessed against peak stage,. deemed as an important flow paraineter in
the cjuapﬁty of fines present (e.g. Adams and Beséhta, 1980). The effect of.

conﬁgurati'on shape and orientation in the flow are addressed to ascertain if these

parameters affect rates or size. Frostick er al., (1984) have found the surface
interstices to be a factor in the inﬁ'ltratior_l of fines. The observations here, differ .'from
Frostick et al., (1984) in that there is an absence of subsurface gravels. The results
concerning rates of deposition are addressed in Chapter 4. Chapter 5 examines the
effect that the parameters described above, have the size of the infiltrated particles.
Without a subsmface framework,' the size of infiltrated parﬁcles will be easier to

assess.
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Chapter 2
Study area and site description.

Burleigh Brook 1s a sma}l strcafn thaf drains an area té the south west of
Loughbordugh, Leicestershire. Burleigh Bi'ook is a second.order stream at the point
of measurement, draining an :area 'of afound 81r:m_2 at thel downstream sampling
lqchﬁon. This stream is a tributary of thé River Soér, which flows in a northerly
‘dii-ect'ion to thé River Trent. Thé Soar rises in Hinckley and drains an area in excess
of 1'30.-0km'2 (Whitby, 1994). .‘ It is, however, the River Trent to the. north that
do’tninates the drainage pattern of thé East Midlaqu. Bﬁrleigh Brook is classified as
lowland—gravell bed river. Details of the substrate are give;n in Section 2.3.1. The
overall drainage pattern of the area is a reﬂeﬁﬁon of the reliefi with drainage networks

flowing in a north - north-westerly direction.
2.1  Geology and general physiography.

The area from which Burleigh Brook drains is .underlain by some .of the oldest
rocks in the area, Pre-Cambrian (Chamian) in age. These are overlain and obscured
by the Triassic cover, Keuper Marl. There is a difference in the nature of the surface
in these areas. The Pre-Cambrian outcrops are distinctly ‘angular, fofming the highér
ridges above the Triassic-blanketed valléys; ‘with gentle contours. Watts (17927) likens
the physical structure of the older rocks to a double horseshoe that opens to the north-
west, The inner range consists of thé highest point within the watershed for Burleigh

Brook, Ives Head. Cbntouring of the exposed rocks has revealed a general inclination |
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~ towards the east and north-east. Detailed analysis of the nature and Ist.ructure of the
- ancient rocks is difficult, but it is understood that they have a pitching anticlinal |
structu:re elliptical in plan, with the larger axis orientated in a south-east — north-west
dlrectxon However, subsequent fault movements have extenswely affected what was
a smple structure (Marshall 1948). One of these fault lines runs in a north-wester]y
' .dlrectlon across Ives Head. Burle1gh Brook shares a common feature w1th the Jarge
majority of the streams ongmatmg in this area, with it ﬂowmg eastwards eventually
d:almng into the Soar In the upper course, the ﬂow of Burlelgh Brook upon the

Keuper Marl, is parallel to the stnke of the older formatlons

. The outcrop at Ives Head is hornstones and grlt of the Blackbrook series. ThlS series
| consists of ﬁne gramed green-grey or buff coloured ash that is typically well banded

with purple staining along the bedding and cleavage planes. This stalmng is thought
* to have originated from the former covering of marl. The Blackbrook series also
~ outcrops to a large extent in the south-east portion of the catchment. Another outcrop
of the Blackbrook series is at Charley Knoll; an area of Boulder Clay, separates_{his ‘

. from Tves Head.

The remaining solid geology, laid dowa in the Triassic is Keuper Marl. This rock is
red marl, with beds of sandstone and bands of gypsum. To the north-western edge of
the catchment, Keuper Marl is more sandstoae rich with bands of Marl. On the lower
| slopes of the catchment, glacial deposits of Boulder Clay overlie the solid geology..
Burleigh Brook does not ﬂaw over any of these deposits. On the margins of the
chanael, especially in the lower reaches, alluvium comprises the most recent additian

to the geological time-scale. The geology of the area is shown in Figure 2.1.- ‘
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Figure 2.1 shows the geology of the area through which Burleigh Brook flows.

Key to geological map.
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The headwaters of Burleigh Brook drain the higher ground to the south and west of :

the catchment. The highest point of the catchment is Ives Head at 201m above sea

level, with the southerly point of the upper catchment being Charléy Knoll at 183m.

In this upper part of the catchment, beyond the M1, there is a spring near Shortcliffe '

Farm (GR SK 484 173) from which Shortcliff Brook originates. There are a further
_two springs within the catchment, one near Hurst Farm (GR SK 497 178), the origin
of Burleigh Brook and the third at Holy Well (GR SK 505 176). Shortcliff Brook is

the longest stream and has its confluence with Burleigh Brook at GR 512 186. The

third stream joins further downstream at GR 514 188. This last major confluence is

less than 100m above the ﬁrs;t monitoring reach of this study. Despite Shortcliff
Brook being the longest, the stream is known as Burleigh Brook as a consequence of

past locat landowners. The drainage pattern is shown in Figure 2.2.

A I.arge proportion. of the land draining into the downstream reach of Shortcliff Brook
and the stream beyond its confluence with Burleigh. Brook is urbanised. This is in
marked contrast to the rural headwéters. There are also a number of other factors that
could affect the downstream progression of water through Vthe catchment. These
included significant quarrying of the ancient rocks in the upper reach of Shortcliff
Brook and the influence the M1, that crosses the headwaters in a northerly direction.
The influence of the M1, quarrying, and downstream urbanisation affect the quality
and quantity of water passing through the drainage network. These anthropogenic
influences décrease .the ﬁme to rise within the flood hydrograph. Therefore, the
current flow regime of Bmleigh Brook i.§ very flashy, with the rising limb of the
hydrograph often only being a maﬁer pf hours in respoﬂse_ to sharp showers. The

recession limb is considerably longer. Furthermore, with a large proportion of the




Figure2.2 A topographical map showing Burleigh Brook.
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_centribu_ting geology comprised Boulder _Clay, it is difficult to determine how the.
anthropogenic features have unbelanced the natural flow regime. As stated there is
also a detrimental effect to the water quality as a consequence of urbaﬂisation and the
M1. Hydraulic conductivity is seen to rise after winter storms, as a consequence of
road salt being washed into the drainage network. Despite the lower catchment being
used for housing, it is also possible to observe rural influences on the stream
| ~ chemistry. Again chemical analysis has shown that concentratiohs of nitrates and ‘

phosphates, associated with farming practices, fluctuate throughout the hydrograph.
22 Climate

Loughborough’s inland location and close proximity to the Pennines and Peak
District to the noﬁh-west, are the dominant factors in controlling the climate of the
area. Although further away, preclpltatlon and temperatures are affected by the
Southern Welsh Mountains. Within this study there is no attempt made to link rainfall
measurement within the vicinity of Burleigh Brook catchment to the flow regime.
0ne of the reasons is that using an assumption of equal rainfall fhroughout the whole
catchment is not valid. The momtonng station in this area is situated within the lower
'catchment and therefore may provide an inaccurate picture of the rainfall within the
~upper catchment. This validity was questioned as a consequence of living within the
lower catchment, and therefore insbecting Burleigh Brook on a daily basis. Often

 heavy rainfall in the lower catchment is not matched throughout the catchment, and a
percei\}ed rainfall e&ent is not shown on the stage trace recorder. In addition, the

opposite of this has occurred, with limited rainfall in the lower catchment, however, a
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significant flood event occurs on the Brook, as depicted by the continuous monitoring

equipment (see Chapter 2.3.2)
- 2.2.1 Rainfall.

- The relief around Loughborough has the greatest influence on the amount of
precipitation, with up to 800mm received on the upper siOpes to the south-west of
Loughborough, falling to iess that 600mm in the east of the area. 'The headwaters of
Burleigh Brook lie in an ar¢a which receives 740mm of rainfalll on average (Bouchef,
'1994). Précipitétion fecords spanning 100 years from Nahpantaﬁ Reservoir, which is
less than one kﬂometré south of Burleigh Brook, indicate that 70% of the months that
exp_erieﬁce miﬁfall over 100mm are between July and December, whilst 56% of the

'dry months, (precipitation values less than 25mm) occur between February and June.
2,22 Temperature

On a wider scale, examitﬁng tﬁe East Midlands, the expected temperature
contrasts between the north and south are affected by altitude, or the continental
effects - that enhance the eaét-west iémperanue grddients (Dury, 1963). Autumn,
winter and spring aré cooler in the Loughborough Region in comparison to other
central England areas. However, the summers are warmer. As a consequence of its
location, Loughborough does not regﬁlarly experience extremes in temperature. The
héadwaters of the  catchment do experience a few instances of snow fall 6vcr the

winter period.
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" Both temperature and rainfall are important parameters in the determination of ‘Tunoff

characteristics for indjvidu’al ﬂowsl. " As stated above, this study did not ascertain
detailed measurements in this way, however, studies on other rivers in thc
Loughborough region, indicated that the flow regime is highly seasonal, A study on
Rotf.llrey Brook (to the south-east of the study area) shows that the minimum flows |
occurred around September, rising to a .maxima in February. The continuous stage
traoe of Burleigh Brook showshthat the regime is punctuated byllarge flood events, -
after which Burleigh Brook returns to baseﬂow‘conrditions. However, the boseﬂow |
stage during the summer months is higher'thon that reoorded'in the winter months

during the year December 1998 to December 1999 (see Figure 2, 10).

2.3 Burleigh Brook.

| Burleigh Brook is a second order stream, draining around 8km’ at the
downstream monitoring point. This section of the thesis links with .the Methods
.Chap_ter Which proceeds this. In this section the physical characteristics of Bﬁrleigh
Brook will be _e'xamined, with the methodology concerned with data collection; for
both the background information and the méthodology‘associated with the study |

discussed in Chapter 3. This section will also introduce the sampling umts, from

henceforth given the term ‘Hydrograph’.




2.3.1 Sampling sites.

Within this study, three reaches were chosen as sampling sites. .Thrée reaéhes
were chosen, to allow comparison between reaches, and ensure a variety of results.
Using three sites also allowed for problems associated with vandalism, loss of traps
and the possibility that one reach may not iaehave in a manner consistent to the bthers.
The rationale for chooéi'ng individual reaches was ﬁlat each reach should be a straight
riffle of constant width, substrate should be uniform along the length, water depth
constant, with the main criterion being that both the upstream and downstream
channel features should not détrimentally efféct the hydréu_lics z;long the reach. The
main concern was that hydraulics would not alter as a resuit of flow backing up at the
ddwnstream exit during higher flows. Once a number of suitable feaches had been
selected, they were observed at a range of ﬂqws to verify that no significant
alterations occurred to those observed at lowe; flows. The three reaches and .their

downstream positions are shown in Figure 2.3.
Reach 1.

Reach 1 is the upper most sampling area. It is about 100m downstream of the

. last main confluence along this section of the Brook. Between the confluence and the

monitoring 'sité, the Brook has a meandering character. The major reason that
Reach 1 was used as a sampling point is its prolximity to the stage and suspended

sediment samplers. These had been located in this area for ease of maintenance by

the Geography Department of Loughborough University and were used in various

undergraduate monitoring programmes. It seemed logical to use this area as both the
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hydrological monitoring site as well as a sample site. In hindéight, the choice of this
stretch of Burleigh Brook was poorer than the two downstream reaches. A large pool
developing around -a tree affected the downstream exit, and there was bar

development in the upper region of the riffle.

~ Figure 2.4 is a plan drawing of the reach along with three cross-sectional diagrams.

These figures depict the positioning of .traps in this sampling region. Within the first
ten Hydrographs, it was discovered that only six sediment traps were in the correct

locations, however, this was increased to nine after the winter floods.

Figure 2.5 depicts the surface size grain distributionl of Reach 1 The methodolo.gy'
used here was a Wolman grid sample (1954). The reaches were sampled by pacing
transects aéross the stream. The pac_:ing used on Burleigh Brook was one foot directly
against the other, as a consequence of the small areas that needed to the smvcyed.. A
piece of bed material was picked _ilp every second foot, from below'my.big toe. The

spacing of the cross-stream transects were repeated in a downstream progression. The

material retrieved was taken back to the lab and all three axes measured. This

sampling method was chosen above other standards of ‘areal sampling (Lane and
Carson, 1953) and volumetric sampling of the armour layer (Klingeman and Emmett,
1982), for a number of reasons. The first being that the material retrieved was

initially classified into longitudinal sections of the riffle. - Second taking areal

-samples, either by using a material such as wax or clay to remove all the surface

material, or picking the complete surface layer by the ‘cookie principle’ would not
have provided the appropriate downstream spatial coverage of the reach. The

volumetric method would have
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Fighre 2.5 depicts the Percentage Finer Curve for the surface grain size distribution for Reach 1.
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destroye.d the surface of the reach during the safnpling period. Howevef, both these
methods reduce the amount of truncation that occurs at the lower end of the size
distribution curve. A subsurface sample was not taken of any of the reaches for two
reasons, first, during _the data collection for this study su.ch. a measurément would have |
compro:ﬁised ﬂae successive measurements. Second, after the terrninatiqn of the
monitoring undértakeh in this study, the undergraduates carried out a compréhensive

study of the bed material of Burleigh Brook. This mé_ant that the students used many

of the techniques described above to remove large quantities of bed material.

Therefore, the representative bed was removed almost immediately after the
termination of monitoring for this study. ‘As a consequence sampling of the bed for

aerial or volumetric particles size analysis did not happen, as it was felt that the results

obtained would not provide representative data on the streambed as it was during

monitoring. However, I do comprehend that a size distribution for the subsurface
material is of interest in the study of sediment 'trahSport within gravel-bed rivers, but
at no point within the study was the timing of sampling conducive to disturbance of -

the bed material. The methodology was adopted for the other two reaches.

Reach 2.

Figure 2.6 shows a plan diagram of Reach 2 with three vertical cross-sections.
Figure 2.7 shows the size distribution df the bed material. This reach showed a more
constant response to the change in flow conditions. The hydraulics here were more

constant, the straight length was greater and the upstream section was not as sinuous

asthat at Reach 1. The only negative aspect of this reach, is that the left bank was
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considerably lower than other banks, and therefore over banking may have ‘occurred

'during the highest magnitude events.. As will be demonstrated later (Chapter 4.02),

these high magnitude events have been excluded from the data analysis.

‘Reach 3.

Figure 2.8 shows the plan diagram along with three vertical cross-sections for
Reach 3. Figure 2.9 also depicts the size distribution of the bed material. As a

consequence of the sampling used here, it is not compietely apparent that the bed

- surface material here was finer than the two upstream reaches. This was observed

when collecting the receivers, and during the construction of the traps (See Chapter
3). The subsurface material in this reach was composed of large areas of clay and silt
material, which made excavation of holes easier than digging in gravel patches in the

upper reaches.

2.3.2 Monitoring equipment.

The primary moniton'ng station Burleigh Brook was locafed withini Reach 1.
The ﬁonitoring equipment used was a pressufe transducer to monitor stage and an
.automatic Water sampler (ISCO 3700). The pressure transdﬁcer was installed within a
stilling well, and via a data logger recorded réadings eve’fy 15 minutes. The data
Iogger was downloaded every ﬁeek and the pressure measurements converted usinga
simple equation to depth of - water. These readings provide a base from which

information for individual Hydrographs was derived. It has also been used in the




" Figure 2.8 shows a plan diagram and cross-sections [rom Reach 3.
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stage discharge relationship. The complete stage-tracé for the monitoring periods is

shown in Figure 2.10..

- The water sampler was programméd, for the majority of monitoring, to sam;ﬁlé every
’ eight hours. The voluine of water removed from Burleigh Brodk was around one
litre. These samples wére used to examine suspended sediment concentrations within
Burleigh Brook. The methodology employed here was filtration of known aliquots of
watef, under vacuum. This left an amount of sediment on pre-dn'ea and weighed filter
‘paper. These filter papérs were thgn dried at 110°C ovemight.’- Once dried they were
removed from the éven, placed ’in a desiccator and once cool‘re-weighed._ Once the
weight of sediment was known for the .aliquot of water, the suspended sediment
doncehtratibn .(mg 1"y was ascertained. These values were then plotted on a graph
against the stage of extraction to produce a suspended sediment-rating curve, This is

shown in Figure 2.11.

During the sampling period, a stage-discharge relétionship was established.
Discharge was calculated usiﬁg the salt dilution method. A salt solutioh of known
concentration was addedl to Burleigh Brook at a predeteﬁnined discharge at the
up_stream limit of Reach 1. At 'the_doumst;ream end, the conductivity of the Broqk’é
 discharge was recorded at ten second intervals until the conductivity returned tf) the
backgromd measurement. Using a simple equation the discharge of Burleigh Brook
could be determined. This discharge was then plotted against tﬁe stage recorded,
duriﬂg the monitoring period, from the pressure transducer. | "As is shown in
Figure 2.12, a good graphical relationship has been established allowing the peak

stage measurements within each Hydrograph to be converted to discharge
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Figure 2.11 showing the relationship between suspended sediment concentrations and
stage measurements between September 1998 and September 1999,
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" Figure 2.12 shows the stage discharge relationship for Reach 1 on Burleigh

Brook. '
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Regression analysis on the data shown here gives the equation of
Discharge = 0.617 * stage + 2.479%107%, Equation 2.1.

From this the stages used in this study can be turned into discharge measurements, as
shown by the list below. |

Baseflow is equated to a discharge below 0.117 m® 7.
The peak flow monitored over the complete monitoring period was 0.586 m® s\,

A 0.30m stage equates to a discharge of 0.209 m® 5.
‘A 0.40m stage equates to a discharge of 0.272 m® s,
A 0.50m stage equates to a discharge of 0.333 m® s,
Asa conseqh_ence of the relationship shown above not beihg statistically significant, -
the stage measurements used during the monitoring period have not bef_.?n converted to
discharge using Equation 2.1. In the detailed analysis, Chapters 4 and 5, the

" sedimentation rates and particles size are assessed against Stagé rather than discharge.
To relate the stage measurements to discharge, the paragraph above gives a rough
guide to the discharge within Burleigh Brook. It is because of the statistical evidence
supplied by the 1 value — 0.510 that it was decided to undertake énalysis with stage
rather than discharge. '
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measurements using Equation 2.1. Thi;re are a limited number of graphiéal_p_oihts on
this gfaph as a consequence of the detrimental effect that salt dilution can have on the -
biotic life of a stream. This was shoWn by the capture of a crayfish during one of the

monitoring periods.

‘2.4 Summary of recorded Hydrographs.

As has been stated the aim of this stﬁdy ﬁs to examine the rate of deposition
of ﬁné material into a lowland gravél-bed river. One of the objectives is to examine
the factors that affect this felaﬁonship. The main physical characteristic under
observation is the effect that an increase in stage .can have on the sedimentation rates
and.the size of material that is infiltrated into a gravel bed.  Therefore, as will be
shovi(n in the methodologj, it was aimed to isolate ﬂo'od. events. In this section of the
Background the individual periods on measurement are reported. These are
sﬁmmaﬂééd in Table 2.1. This table lists a number of characteristics of each of the
recorded events. In total 26 safnpling péﬁods were téken throughout 1999. The
majority of these are reported in Table 2.1, however, those that are absent are a
consequence of pressure transducer failure whiéh lead to the removal of these events
from t'he.c.:omplete data set. Appendix 1 depicts graphically each hydrograph along
with some of the fesults from that Hydrograpﬁ. Chapter 3 discusséé the methodology

cor_léerned with the collection of data that is specific to this study.




Table 2.1 depicting some of the details and characteristics of the recorded hydrographs.

Hydrograph Date Peak Stage (m)  Peak Discharge  Total Duration of Flood Duration Lapse time (hr) Number of

o’  monitoring (hr) (hr) retrieved traps
K - 05.01.99 092 _ 361.25 120.0 - ' 21
*Q¥ 08.01.99 0.32 - 70.0 ' 36.25 : 289.50 21
3 14.01.99 Base Flow - . 144.0 - - 20
4 18.01.99 083 - 98.75 28.45 22375 22
5 21.01.99 0.22 72.75 31.15 09.75 22
*G* 28.01.99 0.23 167.75 45.30 121.50 22
7 15.02.99 _ Base Flow 432.0 - - .22
*Qk 23.02.99 0.31 : 189.0 - 26.25 651.25 22
9 11.03.99 055 3840 . 236.25 248.50 . 22
*10* 19.63.99 0.25 _ 191.75 57.25 2275 . 21
11 26.03.99 0.17 182.25 § 49,25 - 197.50 23
12 28.04.99 0.51 792.0 304.0 733.50 25
*]3% 24.05.99 0.37 624.5 46.0 429.0 24
14 01.06.99 0.28 190.5 13.25 531.0 25
*]5% 04.06.99 047 72.0 50.75 96.0 25
16 18.06.99 036 - 333,75 265.45 . 9525 25
17 - 19.07.99 Base Flow 744.0 ' - - 9
*]18* 09.08.99 041 508.0 46.25 1516.5 22
19 - 25.08.99 Base Flow 384.0 - - 24
20 26.08.99 . 0.16 ' 24.0 240 3840 10
21 15.09.99 Base Flow ' 480.0 - - - 8
22 21.09.99 ' 048 ' - 146.25 29.0 752.0 ‘ 8

*26* 08.11.99 044 ' 286.25 . 41.0 unknown - 21

(Hydrographs with an asterisk depict that these hydrographs were sieved.)

_Lg-
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- Chapter3
Methods
3.1  Trap Design.

' Simple interstice geometry was chbSen for this study. In designiné the traps,
two different pore arrangements were selected, representihg the interstitial bpenings
created'by using 3 and 4 roughness eleménts, respectively. Frostick et al., (1984)
stated that over 75% of all pore spaces within a gravel bed ﬁver are bounded by either
3 or 4 particles. In this stu'dy. these partiéies around individual intrstices are
simplified to hemispheres, and the arrangements used are modifications of those

illustrated by Frostick ef al., (1984).

In this study two diff:_zrent interstices are used. Conﬁguration I and II possess the
same interstice shape formed by three particles, but when placed in the flow, their
orientation will be different. Configuration III is comprisgd of four particles and has a
greater interstice p_ore mouth. These three differeni éénﬁgurations are shown in

Figures 3.4 t0 3.6.
3.1 Rationale behind design.
The objective of this study is to examine the effects that different interstice

types have on sedimentation of fine material. The study differs from many others

concemned with sedimentation in lowland gravel-bed rivers (e.g. Frostick ez al., 1984,
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Diplas and Parker, 1992 and Sear, 1993) because it focuses on material infiltrating

through individual pore spaces.

Each trap consists of a lid, comprising a single interstitial pore space, in one of two

_types, mounted above a container that collects infiltrating material. Two elements of

trap design isolate the role of processes occurring within and around the mouth of the
pore and precluded additional complications. First, the containers are impetvious to
lateral flows within the bed that precludes any hydraulic or sedimentary’ effect

associatedrwith intra-gravel _ﬂow. Fine material cannot be introduced from, and lost

‘to the surrounding subsurface. The emphasis of this study is on sediment infiltrating

vertically through a pore space. Usage of an impervious container also had practical
advantages of retaining deposited material when the receivers were removed during
sampling. Sear (1993) reported problems of loss of fines, 26-40% loss, when using
pervious matexi.al for the collecting receptacle. - Second, the cdntaiﬁers do nbt contain
any framework material. This allows sedimentation of any material that is small .
enoingh to pass through the inte;rstice in the trap lid. Complications associated with
both the processes of hindered and unhindered settling and the formation of a seal -
within the framework, are avoided (see Chapter 1 for discussions on this topic)._ This
study ﬁses the assumption that,-after major flood events, the bed is compiétely flushed
of fine material. Therefére, this study differs from many. Frostick ez al., (1984) used
large traps .and examined the role that different surface and subsurface materials had

on the sedimentation of fine material. Lisle (1989) also used a framework within in

his traps and covered them with original surface gravels.




While these desigh elements facilitate examination of the processes occurring at the
pore mouth, it is clear that the arrangement adopted here is a simplification of nature.
Howcvér, Kozerski (1994) questions how a cylindrical trap influences the particles
carrying eddieé around the pore mouth,'and suggests that a trap of this nature may .

size-selectively capture particles.

3.1.2 Construction of traps.

- A key consideration when constructing the traps was that of removal and
replacement of containers should be as efficient as possible.  After some
experimentation, the final design utilised a 1-litre, plastic drink container (0.101m

external diameter) which fitted snugly into a cut section of standard soil drainage pipe

(0.102m internal diameter), that was pemanently installed into the river bed. The

drink containers used had a small lip on the upper rim that prevents material from
collecting between the walls of the pipe and the container itself. The pipe sections

were cut longer than the drink container so that the receptacle hangs on its rim within

the pipe.

Three reaches were Chosen as the test sites. Within each reach it was decided to

~ install a maximum of nine traps (See Section 3.1.3). At each location, holes were dug

in the bed; déép_ enough to enable the top of the drainage pipe to lie just below the
surface of the riverbed and thereby preventing any interference with local hydraulics.
The bed was then refilled around the drainage pipe and checked to ensure that the

container fitted and that the bed level was restored. These drainage pipes were then
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left in situ for three flood events, enabling the surrounding bed to stabilise and
alowing any fine material that had been disturbed to be flushed through the system

prior to the commencement of monitoring.

The lids of the traps ﬁreré constructed from a piece of Perspex sheet onto which
concrete foi_lghness elemeﬁts were attached, and into which an interstice was cut, The
.. concrete roughhess elements were made m woodéfl _h’e’rﬁisphef_iéal moulds with a
radii;s of 0..045m.. Tq Speed up fhe process, a quiék—_setting agent was added to the
mix of sand and cement (tﬁree parts coarse sharp sand to bne part cement powder to
 four parts water). The addition of the quick-setting agent did not produce roughness
elements with as smooth a surface as those made without. This was because air
bubbles did not ris¢ through the mix before the concrete had gone off (Allen, 1998
per. com.). Release of the hemispheres from the moulds involved banging them on a
~ hard object, which was not ideal, and sometimes resulted .in broken and deformed
hemispheres. The smail minority of hem'isph'eres' fhat had imperfections in their

_ surfa_ces_ were discarded.

The Perspex was cut into 0.30m by 0.30m squares and templates of the interstices
were photocopied, mounted on, and cut out of the Perspex using a jig saw. Figures
3.1and 3.\2 show the Perspex lids. To keep the lids in situ over the containers, a pillar
was cohstructed under each hemisphere and screwed in — Figure 3.3. The finished
traﬁ lids for each clast configuration are shown in Figures 3.4 to 3.6. The
conﬁgurationé have been numbered to ease description, Trap type I consists of three
roughnéss elements, with one roughness element difectly downsfream of the

interstice. Tfap type Il involves a three roughness element configuration, but with the




o

Figure 3.1 shows the cut Perspex lid for Configurations I and I1.

The Perspex lid was cut using a jigsaw and the screw holes were drilled through
to allow the concrete hemispheres to be screwed in place.
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Figure 3.2 shows the cut Perspex lid for Configuration I1I.

The Perspex lid was cut using a jigsaw and screw holes were drilled through to
allow the concrete hemispheres to be screwed in place.




Figure 3.3 showing how the concrete hemispheres were fixed to the Perspex lids.

The pillars under the Perspex served two purposes, one to aid in the fixing of the concrete hemispheres
to the Perspex and two to keep the lid on the receivers during placement.
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Figure 3.4 shows the clast configuration for trap lid Configuration I.

The arrow indicates the direction of flow.

Each of the roughness elements in 0.09m in diameter




Figure 3.5 showing the clast configuration for the trap lid Confiuration II

The arrow indicates the direction of flow.

Each of the roughness elements is 0.09m in diameter.
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Figure 3.6 shows the clast configuration for trap lid Configuration III

This trap lid was placed on the stream bed with the flow direction being from the bottom
of the page to the top.

Each of the roughness elements is 0.09m in diameter.
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single roughness element upstream of the interstice. Trap type III was constructed of |
four roughness elements, two sets of in-line hemispheres, leaving a central interstice

exposed to the on-coming flow in a fashion similar to type I.

Peﬁodically the lids had to have running repairs made on them, 'rbughness elements
became detachéd and were replaéed, bﬁt routine maintenance consisted of ti ghteniné
the screws thaf h;ald the hgmispheres in place. The trap lids all survived a year in
Bﬁrleigh Brook. However, pccasionally, when removiﬁg thé collecting container, the

drainage pipe would unseat. In all instances, this movement was noted and rectified.

3.1.3 Placement of traps.

As outlined in Chapter 2, three reaches were chosen as the sampling sites. To ensure

! tL

that results obtained could be compared between reaches, without bias the different

| trap configurations in each of the reaches were mixed. Therefore, there were to be

nine traps in each reach, three of each configuration. To enable trap locations to be
assessed between the different reaches, the different trap configurations were placed
in different areas of the reach. These areas were not consistent across the three
réaches, Le. Conﬁguraﬁdh 1 was not 'al\?vays at the top of the reach._ This rotation in |
trap configurations is based on the different hydraulic' conditions that operate through
out the length .of a r;'fﬂe. Therefore, the traps fo]lowéd a downstream progression,
which was rotated throughout the three reaches. Any effects of upstream trab
placement are, theréfore, ﬁot entifely random. However, it was deemed that the traps

would not significantly affect the sediment flux passing the downstream traps. This



-69-

assumption is speculative and is based upon the area of the trap in comparison with
that of the stream.b‘ed;l Also, the traps were not placed directly downstream of one
.another. The distances between different TOWS are cléarly shown in Figures 2.4, 2.6
and 2.8. It is assumed that these distances are sufficiently large that any changes in
flow pattems and sediment transport associated with an upstream trap do not lmpmge
on the results of a downstream trap

" Figure 3.7 - a schematic diagram showing the downstream rotation of the
different Configuration throughout the three reaches.

Reach 1. Configuration [ (times 3) upstream
Configuration 11 (times 3) o
Configuration III (times3 - downstream
Reach 2. _ Configuration II (times 2) upstream
: Configuration III (times 3)
Configuration I _(times 3) downstream
Reach3 Conﬁguration 11 (times 2') upstream
- Configuration I (times 3)
Configuration II (times 3) downstream

3.2 Sampling Strategy.

A sampling strategy was devised such that the containers were emptied after
~ flood events, Witlr the aim of isolating floods of different magrritude. Removal ot‘the
: recervers occurred when Bu:rle:gh Brook had returned to base flow conditions. Base
" flow condltrons were selected as a benchmark in the retrreval of contamers for four
reasons. First, to ensure collection of all the material deposited by the preceding
flood, including that carried during the recession limb; second, to avoid flows greater

tharr base flow because turbid conditions made locating the traps difficult; third, to- 1
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lminimise disturbance of the stream bed; aﬁd four to minimise the' depth of water
through which the container had to be raised when removal took place. From an
analysis of the flood hydrogréph of the complete monitoring period, Figure 2.10, the
winter base flow was deemed to be less than 0.15m in depth, or 0.117 m® s, at the

stage recorder (See Chapter 4 for justification).

The aim of the sampling regime was to isolate individual flood events, or longer
'periods of base flow. “Collection of base ﬂow dat.elt. was as irhportant as.event data,
becdﬁse of the need to partition sedimentation data associated to peak and baseflow.
Uhfortunately, some floods were not easy to isolate, mainly because of safety factors
and the difficulty of locating traps during turbid conditions. This has meant that some
events consist of mﬁltiple peaks aﬁd piggybacking, as a result of hydrological
persistence and the clustering of rainfall events. In 'addition, there are instances when
the flood event possessed a peak stage that only just exceeded the criteria of base flow

(see Table 2.1).

321 Collection of material.

Wheﬁ the céntainérs were removed and replaced with fresh ones, care was
taken to ensure there was minimal disturbance to the riverbed. The r_eceivers were
removed in an upstream progfession at each riffle. This was carried out to minimise
collection of additional Sediinent caused by bed disturbance. The recéivers undér
each of the traps were marked with a trap number, 1 to 25, and a location code, e;g.

RIIIR, representing reach, trap type and lateral location. On retrieval of containers,
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care was tal%en'to ensure that no sediment Wa_ts lost when the container ans raised
through the water column. In many iﬁstances fish were found in the ‘receivers and
these had to be released without the loss of sediment. The drink containers had lids
which were.ﬁtted on once the container§ were removed from the bed to stop material
being lost when they were trar_lsported\back to the laboratory. In a few instances, -
during the complete monifon'ng period, trap lids rotated during the flood hydrbgraph
or were completely removed. In these cases the data has been disregarded as

unrepresentative and not used in further analysis.

3.2.2 Drying of material. -

In the laboratory, excess water was withdrawn using a water pump, and any
césed caddis-flies (sp. Potamophylax and Sericostoma persbnatum) found amongst
the material were removed. In an extreme case, a layer of cased caddis-flies up to
5cm thick, comprising in excess of 100 individuals were found. The caddis-fly cases
wduld affect both the weight of the deposited material, and more importantly, the size
distﬁbutions of the sieved material because the cases are comprised of sand grains.
Once the caddis-fly cases had been removed, the sediment was emptied into trays.
These were chosen to ensure that sedjment covered the base, prever;ﬁng areas being

-solely occupied by water that, once dried, left baked layers of silt. 'The containers
were then rinsed out with tap water as Vsparingly as possible to remove refnajning
sediment. Distilled water was not used because of the large volumes required on a

_ regular basis. The use of tap water was not ideal and it would have been preferable to

use water from Burleigh Brook. However, bringing back sufficient quantities was not
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feasible due to transportation implications and ensuring that it was free from
suspended sediment, Once the sediment had been removed, the containers were

'thoroughly washed and dried in preparation for their next placement.

Sediment was dried in an oven at 110°C for approximately 12 hours depending uf)on
the_watér content of the sample. Ov-en drying was used_in pljefereﬁce to ailr drymg
because of fhe shortc; time required and the lifnitations of availablé ventilated space.
Aif-drying would have been preferaﬁle to oven drying, as this _Would_' have minimised
. the effects of baking clay particles into lajers. ‘This false amalgamation of sediment
caused problems when the sediment came to be sieved. However, air-drying has the

problem of residual water, relative to oven drying, which affects the base weights.

~The material, once dried, was allowed to cool, removed from the tray, weighed and
"bagged. Each trap’s material was individually labelled with date, trap number and
trap code. This process was repeated for all samples collected over the 12-month
monitoring period. Appendix 3’ shows the weights- collected on each sampling

occasion for each of the traps.

3.3 Particle Size Analysis.

There are a number of different standards used with regard to sieving material.
Most commence with oven dried sediment. The British Standard for the testing of
soils for engineers {1967) states that wet sieving is the preferred 'method for

determining the particle size distribution of soils. This methodology uses sodium
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hexametaphosphote as a dispefsioﬁ agéot, breoking down any.‘ aggrogates' and
producing a-' size distribution of ultimate pa_rticles. These staodards th.en continue to
outline a dry siéving standard, and state that a \;vot-sieved unit should be retained for
comparison.‘ If results of pafticlé size from these two methodologies significantly
differ,. the wet sieving methodology is the preferred option. However, this study does
not recju_ife particle sizes to be expressed as absolute particle sizes, rather the effective
partiole sizes are _inore applicéble in this context. - Thereforo, the dry sieving

‘methodology was used. Many other studies e.g. Davies and Nelson (1993) have used

- sodium hexametaphosphate to prevent the aggregation of fine material.

3.3.1 Rationale behind dry sieving.

The collected sediment was sieved to get on understanding of the effective
particle sizes deposited within the receivers during different events. Tho choice of dry -
sieving over wet sieving was based on the requirement for effective particle size,
rather than the absolute particle size. The effective particle size is the size in which .
material is naturally carried downstream, including aggregates formed in this
environment. The absolute particle size is the size of the constituent grains thzit

comprise these naturally ocourring aggregates.

In the process outlined to dry the collected material, micro-aggregation,would have
taken place. It was anticipated that during the process of sieving, that any aggregates
formed in this process would be broken down. However, naturally formed aggregates

could also be broken down.
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As a consequence of bbncentfating on the effective particle size, and on deposition
oécurring during ﬂoqd eveﬁ_ts, the range of parti.cle sizes examined concentrated on
material that would have settled out under these conditions. Therefore, a lower limit
of particle size determination was chosen to be the pan fraction below the 63pum sieve
iscreen. Any maferial in thé pan was deemed th have derived from the breakdown of
larger sized péfticles. A number of studies e.g. Wobd. and Armitage (1999) and Sear
(1993) have observed that silt-sized particles are only deposited in very low water
velocities or where the Wéter bégins to 'stagnate. Du;ing this study fheSe conditions of
low velocity ﬂov& never occurred and theréfore it was deemed that detenninatioﬁ of
particle sizes below the pan fracﬁon by use of a sedigraph was superfluous to this

' study.

The samples chosen for particle size analysis were dominantly those bf events in :
which one flood peak occurred, and which possessed a short flood duration.
HoWever, in order to extend the range df peak flows exﬁmined, events in which there
were more than one peak have also been used. In thesé events, thé major peak had td
be considerably greater than the other subsidiary peaks. An asterisk in Table 2.1

- shows those events that were sieved.
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3.3.2 Sieving Procedure.

The oven-dried material was loosely shaken within the bag to break up any
aggregates that had been formed in the drying process. It was anticipated that the use

of a mechanical sieve shaker would break up some pam'cles;

All the material collected was placed a stack of sieves of % phi intervals from 22.4mm

to 4.0mm. This stack was placed on a méchanical shakér for eight minﬁtes. Once this
time had elapsed each siéve screen was emptied into a paper-lined tray, brushed
diagonally three times on ‘each side to ‘remove any trapped material and weighed to
0. lg. The material in the pan was also weighed. The second and third sets of sieve
stabks were smaller in diameter, and split at 1.00mm. Again, the sieves were arranged
in a descénding order at 'z phi intervals. To ensure that the screens were not
overloaded, leading to _damage of the meshes and erroneous results, the maximum
weight added to the second set of sieves was SOOg, and 100g in the last sieve stack. In
order to obtain sediment weights of these amounts, using a riffle box reduced the pan
fractions below 4.0mm and 1.0mm, as this is the pr¢ferred method of separation

outlined in many sample preparation texts (e.g. Gale and Hoare, 1991).

The process‘of cleaning the screens at the lower sizes was especially ilﬂp'ortant.-
Along with the brushings, the screens. were also weighed after several samples, to
ensure thaf their weight was not increasing as a result of material building up on the
screens. Once each sample had been s.ieved,'the weights were added tqgether to

ensure that 99% of the original weight had been retrieved, values less than 99% would

have required a complete re-sieve of the new sediment weight.
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The methodology of using three sieve stacks on two mechanical sieve shakers proved
to be a lengthy process. _To reduce time, it was suggested to use only phi _unit sieve
screens. The reliability and reproducibility of these phi unit results compared With lhe
Y phi results were tested. This involved sieving a. sample through ¥ phi unit screens,
recombining the sample and repeating the process through phi unit sieve screens.
_ Passiog of the same material twice througll the sets of sieve screens could have added
to the problems of breaking up aggregetes, thus leading to an | inaccurate
representatioﬁ of the Weights present on each of the sie\le screens. IloWever, there
" was no other method that could have been osed to ascertain if reducing the number of
 sieve screens affects the results. Construction of the percentage finer than curves and
determination of certain size percentiles, indicated that the difference between the
results from the two different sieve stacks was minimal. Figures 3.8a end .b show the
two curves for two samples. Based on these, and similar results which- showed a
minimal difference, it was decided to reduce the number of sieve screens, thus the
samples were processed more quickly, and without a significant reduction in the

accuracy of the data retrieved.

Along wi_th inorganic material, organic matter was also present in the. samples. Large
pieces, including leaves and seeds, were picked off the sieve screens, however,
partially decomposed material was not as easy to remove. Any large organic remains
were weighed separately and included in the weight to ensure that ‘99% of the sample

had been recovered. The majority of studies report floatation off of organic material

(e.g. Sear, 1993). Material that was retrievable from the containers when they were
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brought in was removed, but there was a large amount of organic matter that was.

buried amongst the infiltrated sediment. -
3.3.3. Data Manipulation.

Once the weights for each sieve fraction had beeﬂ obtained and the overall
wei'ght.checked to ensure that 99% of the original sample had béen recovered, each
weight was converted into a percentage of the feco?ered weight. These were then
cumulated in an ascending order from the ban fraction, with them éignifying
percentage finer than vaiues’ and plotted as. curves. Various size percentiles were then
derived from these curves and used in the. analysis. Chapter S discﬁsses these results

in detail.
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Chapter 4
Effect of Sedimentation in Burleigh Brook.
40  Introduction to sedimentation and deposition rates.

A largé number of studies published', have addiessed rates of ﬁné material
within a ﬂlime_ erivironmént, assessing in_ﬁltrétion rates against knoiwn suspendéd
sediment concentration. Within a flume, this concentration can be kept constant over
prolonged periods of time, howeﬁrer,' within a natural environment, the relationships
_between stage‘ and suspended sediment concentration are not as clearly defined.
~ Suspended sediment rating éurves often coiltain a large amount of scatter,
consequential of hysteresis that occurs over a number of time-scales variation in
suspended sediment concentration, ranging from seasonality to within a flood event
(Grimshaw and Lewin, 1980). As shown in Figure 2.11, a suspended sediment-rating

curve has been constructed for Burleigh Brook,

In this Chapter, the results depicted show mean hourly sedimentation rates as
integrated over the whole flood event. To relate rate§ given here to results derived
.frt.)m flumes .with a 1c:i10§vn 'suspende.d sedimentl concentration would have involved
using the suspended ra‘tin'g. curve énd combining it with the stage .discharge
|  relationship and integrating concentrations of suspended loads acrosé long time
periods. Furthermore, as wiIi be demonstrated, the three réaches surveyed behave in |
very individualistic manneis, with Reach 1 possessing markedly differing

characteristics from the other two. It was unfortunate that the suspended sediment
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sampler was located by Reach 1, aﬁd therefore reiating suspended sediment
concentrations from this location to downstfeam sites is not a valid‘ assumption that
can or should be made in this studjr. As Carling and McCahon'(19.87) stafed, it is
difficult to relate temporally integrated res;ults that samples mafen'al that has been
collected over-ra long time ‘base to detailed instantaneous .hydraulic parameters

affecting sedimentation rates.

During the course of the field experiment, 25 traps were positioned within the bed of
Burleigh Brook. These receivers were emptied after periods of increased disbharge or

after Iong episodes of base-flow. Inevitably, most sampling intervals contain periods

- during which base-flow predominated, in addition to individual or multiple flood

events. - Therefore, the material in the receivers arises from a combination of

_procésse‘sl‘ ‘operat'in'g during base-flow and those functioning during spate.

iEurther’rnore, each flood event possesses its own unique time span, making direct

comparisons between events difficult. In order that data can be compared,

depositional rates are required.

401 Manipulation of data

The raw data set is composed of wéights of dried sediment, obtained from the

25 sediment trabs for 19 different time periods. As shown by Table 2.1, the flood

| hydrogréphs recorde'd‘ on Burleigh Brook vary in their duration. The use of

sédimentation rates, rather than weight of deposited material, allows for comparison

of trap efficiency from one hydrograph to another. Of primary interest are the rates of
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sedimentation during peﬁdds of high flow, rather than the longer-term averages that

ihcori)orate both base-flow sedimentation with that occurring during péziods of flood.

As shown in Table 2.1, the total duration of time that the receivers were in situ is

. known, along with the dry wéight of material deposited over this time period. Base-

flow has been designated as water-stage less than 0.15m. The data logger recorded

~ output from the pressure transducer every 15 minutes. This record was éonVerted into
a stage readingr using a simple calibration equation. This .cut-off_ fqr base—ﬂow was
chosen using an extended record of stage from Burleigh Brook. Thé long-term trace
~ was examined by eye, and this stage of 0.15m was the upper limit of a narrow range
of vajues .to which Burleigh Brook returhed after a period in spate. This technique
;vas adopted rathe_r than that suggested by the Low Flow Studies Report (1980), which
adviseg a statistical approaéh, because continuous measurements of stage within
Burleigh Brook over a sufficient numbér of hydrological years were not available. As
a consequence of the study being carried out for only a year, non-stationary

tendencies of base-flow stage were not examined.

The record from the stage recorder allows the time period over which é flood event
occurred to be determined, along with the Vprior and post flood base-flow episodes,
thﬁs Htood A0 fpase aT€ known (where #g,04 and #5,, are the times for flood and base-
ﬂon durations, respectively). In order to éalculate Wooa (weight deposited during fhe
ﬂ_oqd event) and, therefore, Rp,0q (sedimentation rate during the flood event), an

estimation of Rs.. (deposition rate during periods of base-flow) has to be derived.
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Below is a series of equations that indicate the methodology used to ascertain an

 estimation of the deposition associated with the flood event.

W pooa + W, |
R, = (MJ ' Equation 4.1
! food F Epase , .
Rppod = — Lol - Equation 4.2

whefe Roye ié the éverage deposition fate over the complete time period,
Wooa is the weight of sediment deposited during the flood event, Wi, is
the weight deposited during base-flow conditions, #1.04 is the duration of
the flood event, #54. is the time over which base conditions occurred and.
Rywoa 1s the rate of deposition during the flood.
There were six recorded episodes when only base-flow occurred over the‘ whc;le
-monitoring period. However, receivers were only recovered from all three reaches in
three of these cases, because of vandalism at the two downsfrezim sites during the |
summer. These episodes allow an estimation of base-ﬂt.aw. sedimentation rates to be
established. Within each of fhese occasions a known weight of sediment was
depositeci in the receivers — Wiue. The deposition took place over a period of time,
~ which can be quantiﬁed from field notes, and the stage trace. This time span has been
allocated as tba;e. Dividing Wiase bY fp05e produces a value of base-flow sedimentation. -
Once this was determined, each Hydrograph was split into constituent parts relating to
base-ﬂow"periods and the flood event. The durations of both base«ﬂow and the flood -
were determined from the stage trace. Multiplying the time during which Burleigh
Brook was discharging at base-flow by the sedimentation rate Ryas., a weight could be
ascertained that relates to the amount of material that was deposited .during these
episodes within thé measured Hydrograph. This weight W5, is then subtracted from

the recorded weight of material within the receiver, therefore isolating the amount of

material that was deposited during the flood — Wpooq. By dividing this weight by the
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duration of the flood, #u04, an estimation of the sedimentation rate for the flood éaﬁ be
obtained. This rate is an avérage valué integrated | overl ihe whole flood event.
Instantaneous depositional rates for cenain parts of thé flood hydrograph will vary
from this value. However, the data set does not allow for peak or other instantaneous

rates to be ascertained.

There is a 0.01m difference in the base-flow stage recorded during the three episodes -
under scrutiny. This was not deemed sufficient to affect sedimentation rates -
significantly. To ascertain if all reaches behaved in a similar rﬁanner, these three

populations were statistically tested for significant differences. In this case, the

- sedimentation rates of all the three different sampler configurations were used as one

data set. Each reach, as previously shown, is comprised of up to three of each
configuration. Table 4.1 below, reports p-values from t-test analysis of sedimentation

rates between the reaches for each base-flow period.

Table 4.1 showing the p-values ascertained from t-tests of
differences in sedimentation rate between reaches over three periods of

" base-flow.

p values Reach 1 and Reach2 Reach2 and Reach3 Reach 1 and Reach 3

Period 3 0.283 0.022 ‘ 0.861
Period 7 0.208 0.439 0.014
Period 19 . 0118 . 0.005 ' - 0.004

(Single underline is rejection of the null hypothesis of no difference at o = 0.05, double
underline is rejection of null hypothesis at o = 0.01).

In this analysis, all the traps in individual reaches were combined and statistically

tested against the other reaches. Individual sedimentation rates between different trap

- configurations were not addressed. Reach 3 is different from both Reaches 1 and 2 in

two of the three periods. Using an average value of base-flow sedimentation rates
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across all three reaches was therefore rejécted. Instcai individual sedimentatioﬁ rateé
were determined for each reach. The average base-ﬂow sedimentation rate, Rpgse, is
0.031, 0.040 and 0.106g h™ for Reaches 1 to 3 respectively. A combined avei'age of
0.06g hr’! would have over represented the amount of sediment deposited during
periods of base-flow lfor Reaches l‘and 2, aﬁd underestimated that deposited in Reach

3

Sedimentation rates ascertained for base-ﬁow périods were ;:alculated s0 thaf the
masses ‘deposited .during sampling peﬁod;'. cbﬁld be corrected fbr the time during
which Burleigh Brook operated under these flow conditions. The rates obtained were
small and diétinguishing between different trap configurations at this point in the
ana]ysi's. was. not considered ﬁecessafy. In addition, there are only three periods when
base-flow cbnditions predominated, insufﬁcient. to prdvide an esﬁmate of reliability.
Hdwever, subsequent analysié of data from the flood évents suggested that differences
in trap type performances should have been examined for base-flow periods. The
: differez;ce in base-flow sedimentation rates shows that each reach has its own unique
sediment source, supplying sediment. As a consequehce, the flood-event data is

examined reach by reach, thus avoiding the problems of lumping data.

To assess how the baseflow sedimentation rates of Burleigh Brook compare with

similar rates in other studies, Table 4.2 has been constructed. It shows that Burleigh

Brook has a lower baseflow sedimentation rate than others, in some cases by two

- orders of magnitude. This could be due to the particle size composition of Burleigh

- Brook in comparison to the others in this table.
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Table 4.2 showing other observed baseflow sedimentation rates from
various other field studies. ' : ' .

Author _ Comments - "~ Sedimentation Rate
' o (kg mday™).
Welton (1980) Chalk lowland stream 0.37-0.93
Carling and McCahon Baseflow conditions in anupland - 0.008
(1987) ' - . stream . , o
~ Sear (1993) Compensation flow 0.005-0.086
, HEP discharge 0.004 - 0.064
Wood and Armitage < 2mm sediment in lowland chalk 0.0389
(1999) stream _ '
Allen . Burleigh Brook 0.0004 - 0.001

As is shown in the table above there is considerable variation .in the baseflow
sedimentation rates within these studies. The reasons why Burleigh Brook may have
a lower sedimentation rate ?:ould bé an eﬁ'ect of the geology of the areL3, along With
the nature of the surroundiﬁg geology. The basé flow discharges within Burleigh
Brook at these times equate to below 0.2ms™". This discharge is lower than many of
those quoted above. In these casés more material would be being transported, and
therefore available for ingress into interstitial components. The studies reported here,
- regarding the chalk streams, were examining the sedimentation affects in areas of low
velocity, which means that the infiltration rates would be greater. The methodology
employed here, may also affect the process of inﬁltratiori, via the interaction between

the water within Burleigh Brook and that in the collecting receivers.

For eé;:h ﬂobd event, periods of base-ﬂow, tsase, Were ascertained to the nearest
quarter of an 'hour and the estimated amount of material deposited ._dun'ng this time,
Wiase, Was subtracted from the total dry weight collected in each receiver, Wy, The
remaining sediment, W04, was then divided by the t_otal number of hours during

which the stage of Burleigh Brook exceeded base-flow, 0.15m, tgoos. This gave an
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average value for the amount of sediment deposited per unit time, Ryooa, Within each
receiver, allowing comparisons to be made between different events and relating

results found here to other studies.

4.02 Removal of High Magnitude Events.

~ As has been ‘shown, base-flow periods play an important role in the
interpretation and analysis of the data set. Given incomplete entrapment there is also

a need to ensure that high magnitude events do not affect the analysis.

In high magnitude events, the receivers became full of sediment, and thus
sedimentation rates obtained via the methods outlined do not produce meaningful
results. The results would represent only minimal estimates of sedimentation, a§
material available for deposition during flood events would have overridden the full-
traﬁs. Field_ notes, graphical evidence and the wéights of receivers full of dried
- Burleigh Brook sediment, revealed that it was sensible to only use traps that contained
less than 1000g of sediment. The traps that contained material that weighed over
1000¢g tendéd to be‘ aslsociated‘with peak flows of a stage in excess of 0.5m. This cut-
off is the lowest vaiue for a receiver that was full However, the fnajority of r.eceivcrs-
when full wéighed afouhd 1200g, as shown by the levelling off of the graph depicting
 the ngght of dry material removed from Burleigh Brook égaiﬁst Hydrograph peak
stage (Figure 4.1). Chéos_ing a lower limit takes into coﬂsideration the loss of -
material by winnowing, and the affect that the flow patterns in the top of the receiver

may have on the sedimentation rates. As a consequence of not having any detailed
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Figure 4.1 showing the weight of material (g) collected in the receivers over all of
the monitoring periods.
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The units on the abscissa are grams.

Figure 4.1 clearly shows the grouping of the baseflow rates in the bottom left and the
high magnitude events which have been disregarded in the top right.
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measurements of flow patterns around the interstitial openings of the traps, it is

‘unclear how water flowing along Burleigh Brook interacts with the fluid in the trap.

Thcrefore, using this lower cut-off point of 1000g aliows for loss of material from a

filling receiver and the interference of settling-out of sediment caused by the

interaction between the two different fluid bodies.

Usihg 1000g as the cut-off total weight means that the following Hydrographs are not
utilised in thc remaining analysis; 1, 4, 9, 12 and 15. HoWever, it should be
mentioned here that Hydrograph 4 shows thé greatest sedimentation rate per unit area.
This is greéter than the highesf sedimentation rate reported in the unfilled receivérs.

This hydrograph will be discussed at greater detail later in the chapter.

41  The Effect of Trap Configuration on Sedimentation Rates.

The first variable within this study that is going to be addressed is that of
samplef configuration type. As a consequence of expréssing the depositional rates per
unit area, the three configurations can be compared. The aim, therefore, is to assess

the trapping efficiency of individual cdnﬁgurations within each reach, and determine

if this is consistent within all three reaches and within individual hydrographs. In

order to interpret the trends within the data set correctly, any inherent differences
attributable to trap configuration and placement must be found prior to further
detailed analysis. As has been shown previously, there are differences in the base-

flow sedimentation rates between each of the reaches, based upon a number of factors

including upstream sediment supply, local hydraulics and site specific bed and bank
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composition. Therefore, analysis of flood hydrographs will be undertaken on a reach -
by reach basis. Breaking the data set down into constituent reaches follows analysis
undertaken by Schilchli (1992, 1995) who showed that cach gravel bed has its own

unique specific hydraulic conductivity that affects the infiltration of fines. Thi's,‘

hydraulic conductivity changes over time and with the ingress of fines. The patterns

that emerge will then be assessed to ascertain if trends are consistent across all three

. reaches. This analysis will also address how sedimentation rates within individual

configurations alters with each hydrograph. - The effect of increasing stage and -

therefore discharge, on sedimentation rates will be examined thoroughly in a later

section.

As a consequence of the sampling strategy - three reaches with a combination of trap

conﬁgufations in each - the ways both configuration and reach effect sedimentation
rates has to be analys.e.d. To ease the interpretation of the data, the complete data set
was split into the'constitueﬂt reaches. Within each reach, the effect of configuration
types would then be established. If there were sirnilarities in the data éet, there would

be an opportunity to re-combine the data set.

In analysing the effects that trap configuration has on sediinentatiori rates pei unit
- area, each reaéh was examined individuaily and hydfograph by hydrograph. This was
carried ouf to assess whethef the differént conﬁguratioﬁs. behaved‘ cénsistently
between the reaches énd within evénfs. To address this, a séries of graphs were

plotted and ANOVA tests were undertaken on each hydrograph to determine if there

are any statistical differences in the sedimentation rates between the trap types. This




also assesses whether the longitudinal placement of the traps has an effect on the

sedimentation rates.

One way analysis of variance was used here as the discriminations of the test is based
on one variable. The samﬁles are normally distribﬁted and their sample variances are
 not dissimilar. The ANOVA tests were undertaken to assess whether the samples had
beén drawn from the same population by decomposing the total variance into within-
and between- variable. These tests assess the ratio of vaﬁaﬁce within each group and

the variance between the groups about the gfand mean (Shaw and Wheeler, 1985)

Asa éﬁnseqﬁence of the different configurations being used, the area through which
sediment infiltrates differs between Configurations I and II.and Configuration IIL. In -
order to comparé the_different configurations, rates derived using Equations 4.1 and
4.2 had to adjusted to sedimentation rate pef unit area ~ kg h'm™2. As is shown in the
methodology, Configurations I and II are essentially the same, the orientation within
the flow being the defining factor. . Configuration II is formed by four roughness
elements, therefore the interstice is largef.' Measurement of these interstitial areas by

| planimeter reveals that Configurations I and II have an opening of 1.81%10% m?,

whereas the intefstitial area of Configuration Il is 3.62*10™ m?.,

The use of three trap configurations all‘ow_s. the examination of both the effect of
localised flow. Bydraulics and the influence of interstice size on depositional rates.
However, these two factors are not independent of each other. The effect of localised
flow hydraulics' is examined by assessing the differences between Configurations I

and II. The defining characteristic is ‘whether the apex clast of the triangular
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configuration is upstream or downstream. These roughness elements deflect the

_central streamlines.

41.1 Reachl

Unfortunately, the original placement of soildrainage pipes within Burleigh -
‘Brook did not match the final placement design in Reach 1. Therefore, over the

winter period only one trap of Configuration Il was in place. This has affected the

statistical results for this paﬁ of the analysis, both through the loss of this individual
set via dislodgement of the trap lid during the passage of a flood, and the affect that

only one data point has in statistical testing,

A sﬁ.mmary' obtained from a series of ANOVA tests shows that, in the majority of
hydrographs (.80%), the samples from each of the different configurations are derived
from statistically the same population. Fiﬁy percent returned an a value of greater
then 0.30, the other 30% showing a statistic value having a significance between 0.10

and 0.30. As a consequence, it is difficult to assess which configuration is more

efficient at trapping sediment.. Where post-hoc analysis of the ANOVA results has
~ been possible, no differences between any of the configurations has been present at

- the a = 0.05 level. Graphical evidence from each of the hydrographs is also

inconclusive as to the trapping supremacy of any ohe of the configurations. Table 4.3

shows the statistical analysis for Reach 1, Graphs of the data of the ten hydrographs

are shown in Figure 4.2. It should be noted that the scales of the abscissa vary
depénding upon rates _of sedimentation. However, the units are consistent. These

graphical representations are produced to ascertain if the mean sedimentation rates of
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Table 4, 3 showmg the statlstlcs derived from ANOVA tests on Reach 1 for

Hydrograph - Sum of Degrees of Mean -~ F Significance
Squares Freedom Square  Value
2 Between Squares 1.021 1 1.021 0.445 0.574
Within Groups - 4.592 2 2.296 . :
Total - 5.613 3
5 Between Squares 4.731 1 4.731 53.62 0.018
Within Groups 0.176 2 8.823*10% - 0
Total 4.907 3 '
6 Between Squares 0.187 1 0.187 0.101 0.771
Within Groups 5.537 3 1.846
Total 5.724 4
8 Between Squares
Within Groups ‘n/a n/a n/a  n/a n/a
Total . _
10 Between Squares 3.133 2 1.566 4.424 0.184
. Within Groups 0.708 2 0.354
Total 3.841 4 -'
11 Between Squares  1.389%1072 2 6.944%10° 1559 0285
Within Groups ~ 2.673*107 6 4.456*10°
Total 4.062*10 8 |
13 Between Squares 9.579 2 4.790 1.000 0.431
Within Groups 23958 5 4,792
Total 33.537 7
14 Between Squares  94.986 2 47493  0.563 0.597
Within Groups 506.205 6 84.368
Total 601.191 8
16 Between Squares 7.471*107 2 3.736*10°  0.161 0.857
Within Groups ~ 9.310%107 4 2.327*10°
Total 0.101 6 _
18 Between Squares 8.467 2 4,323 2.480 0.179
Within Groups 8.715 5 1.743 '
Total 17.362 7 '

(Figures in bold indicate acceptance of the null hypothesis at o > 0.300. SmgIe underline
mdlcates rejection of the null hypothesis at ot <0. 05)




Hydregraph 2 Hydrograph 5 Hydrograph 8
8,00 8,00 8,00~
16.00=
8.00= .00+ . 4.00+
10,004
4,00~ 4004 . 400 *
S004
2,00 . 2100= 2.00=
T T T L] L ¥ i T T
Hydrograph 10 Hydrograph 11 Hydrograph 13 Hydrograph 14
800 080 8,00 000 .
800+ 0:60-4 8.00+ '
20,00 O
o4a
200 040 4,00 ¥
. 10,00+
260 020+ . 2.00- :
* . ' . . .
[y - T v ; 0007
Y i H H . ' i i
- Hydrograph 16 Hydrograph 18 Configuration Configuration
.60~ .00+
0,60~ 8004
.40 4.00-
0204 2001
o0 ' W n N H .,'.,
Configuration Conflguration
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the individual trap configurations behave consistently relative to each other from
- reach to reach, i.e. whether there is a conﬁguraiio_n that always has a greater rate of

sedimentation per unit area than the other trap types.

This is difficult to ascertain in Reach 1 for events when there is only one

Configuration iI present (Hydrographs 1-10). Examining the mean values, the
majdn'ty of eﬁents show that Configuration I has a greater sedimentation rate than
Conﬁgurati.on II. Configuration II does not show a consistent trend in relation to
Configuration I, but in the majority of hydrographs has a greater sedimentation rate

per unit area thaﬁ Configuration IIL

~In summary, the statistical analysis does not show if the trap configurations behave
differently with the exception of Hydrograph 5. Graphical evidence does not show
that one configuration has a greater trapping efficiency than the other two.

412 Reach2

Analysis of differences resultant on trap type for the two reaches further

downstream yield similar results as Reach 1. _

For Reach 2, fifty percent of the hydrogfaphs examined.show an o value of > 0.30

returned by AN OVA tests on the different poptilations of Configurations I to III. A
further 40% of hydrographs returned an o value between 0.10 and 0.30. The

remaim'ng hifdrograph, Hydrograph 16, retured an o value of 0.034, The post-hoc

analysis 'hig"hlighted significant differences at o values below 0.05 between
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Conﬁguraﬁon I and Configurations Il and III, with Configuration I having greate'r'
sedimentation rates than those recorded in Configurations IT and III. These results are

summarised in Table 4.4 and Figure 4.3.

There are clearly some instances where the populations of the configurations differ
and the statistics confirm this. Nevertheless, the patterns apparent from analysis of

Reach 1 are generally confirmed.
4.1.3 Reach 3.

Examination of Table 45 reveals a similar trend for Reach 3 as that observed
in Reach 2, with fifty péréent of the hydrﬁgraphs returning ANOVA a values above
0.30. A further thirty percent returned o values between 0.10 énd 0.30. There are
two hydrographs that produced o values of 0.009 énd 0.072, respectively. The post-
hoc tests revealed differences between the populations of Configurations I and II and
that of Configuration III, with ot values lower than 0.05. The deposition rate per unit
area for III wa.s lower than that of Conﬁgurations I and II. This shows that
Configurations I and II have a greater. trapping efficiency than that possessed by
Configuration III. The results of the statistical analysis are shown in Table 4.5 and
graphs are given in Figure 4.4§_ The graphical representation of the sedimentation
values of each conﬁguratioﬂ sﬂows a trend that is consistent with that observed in
'Rcach 2, where Configuration I has a greafér sedimentation rate than 111, with that of

11 being consistently greater than III, but inconsistent in its relations with to

Configuration I,
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Table 4.4 showing the statistics derived from ANOVA tests on Reach 2 for
the effects of configuration on sedimentation rates for each hydrograph.

Hydrograph Sumof  Degreesof Mean ~ F Significance
Squares Freedom Sguare  Value

2 . Between Squares 10.090 5.045 3.102 0.133
Within Groups - 8.131 1.626
Total 18.222
5 Between Squares 6.346
* Within Groups 18.210
Total 24.555
6 Between Squares  3.254
Within Groups 3313
© Total 6.566
8 Between Squares  39.156
' Within Groups  60.512 -
_ Total 99.669
‘10 Between Squares ~  7.836
Within Groups 8.112
_ Total 15.949
11 Between Squares 9.571*10°
Within Groups ~ 3.572*10°
~ Total 4529*10%
13 Between Squares  3.810
Within Groups 6.240
| Total 10.050 -
14 Between Squares 8.881
Within Groups 15.074
Total 23.955
16 Between Squares 0.932
- Within Groups 0.327
Total 1.258
18 Between Squares 2402
Within Groups 4.845
Total 7.247

3173 0871 0474
3.642

1.627 2456 0.181
0.663

19.578 1.618 0.287
12.102

3918 2.415 0.185
1.622

4785*10° 0670 0552
 7.143%107

1.905 1.526 0.304
1.248

4.441 1.473 0.314
3.015 :

0.466 7.129 0.034
6.533*107

1.201 0.992 0.447
-1.211 '

ABRDJUNNITVLRD YTV YU IUD LRIV JUD BN

_ {(Figures in bold indicate acceptance of the null hypothesis at o> 0.300. Single underline
indicates rejection of the null hypothesis at c <0.05).




Figure 4.3 shows the effect that Configuration has on the sedimentation rate (kg mhr’) for each Hydrograph within Reach 2.
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the effects of configuratmn on sedlmentatum rates for each hydrograph
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Table 4.5 showmg the statistics derlved from ANOVA tests on Reach‘3 for S

Hydrograph . Sum of  Degrees of Mean . FValue Slgmﬁcance
Squares Freedom Square ' _
2 Between Squares 10.865 2 5433. 1.588 0.311 -
'Wi_thinGToups 1368 - 4 3.420 o T :
L Total =+ 24545 6 S _
5 Between Squares 37878 2 18.936 1.099 = 0.402 Lo
Within Groups ~ . 86.186 5 17.237 o o
. Total - 124.064 7 e B
6 . Between Squares  1.914 2 - 0957 14114 - 0009 o
- Within Groups *~  0.339 - 5 6.780%107% o
~ Total 2.253 7 CE S
8 - Between Squares - 61.167 .. 2 30.584 - 1.330 0.429
Within Groups' 45979 2 22989
Total 107.146 4 _ .
10  Between Squares - 4.375 2 2.187 . 5432 0072
Within Groups 1.611 4 0.403 ' '
Total - 5985 6 ' -
11 Between Squares = 6.933*107 2 3.467%10°  1.368 0,378
- Within Groups ~ 7.600*107 3 2.533*107 |
© Total 1.453%1072 5 | |
13 Between Squares ~ 18.244 2 9.122 - 1.803 - 0.257
- -Within Groups = 25.301 5 5.060 '
| ~ Total - 43.545 7 ,
14 Between Squares 14,152 2 - 7.076 1.792 0.259
Within Groups 19.739 5 3.948 o S
Total 33,892 7 - %
16 Between Squares  6.585*10% 2 3.293*10%  0.770 0.511 ‘
- 'Within Groups 0.214 5 4.279*10% " |
Total 0.280 7 : i
18 Between Squares 2.614 1 2.614 5672 0.2530 |
Within Groups 0.461- 1 0.461 ' '-
Total -3.074 2

. (Figures in bold indicate acceptance of the nuil hypothesm at o >0, 300 ‘Double underlme
indicates re]ectlon of the mull hypothes:s at a< 0.01). :



Figure 4.4 shows the effect that Configuration has on the sedimentation rate (kg m™>hr’) for each Hydrograph within Reach 3.
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414 Summary of findings

The statistics depict that, for the majority of Hydrographs withiﬁ' individual
reaches, the three configurations of interstice arrangements trap amounts of sediment
per hour per unit area that could be derived from one Iargér population. The raté :
connécted with Configiiration M1, however, is often lower .than those of the other two
conﬁguratiox_zs. The eiféct that individual‘ flood events have on each of the three
reaches within Burleigh Brook was different, as shown by the laék of consistency
between reaches for the same hydrograph. | This is seen when.ct)mparing' Tables 4.3 —
45, 'fhis demonstrates that analysis must be undertaken on a reach by reach basis. It
also ShoWs, to a lgsser extent, that the interstice configurations do not behave.
consistently between flood events. It is because of this that it remains to examine
other physical characteristics associated with sedimentation rates by configuration, -
despite the majority of hydrographs showing no statistically significant difference in

the populations. However, if there are instances when all three coﬁﬁguration types

~ show similar resuits within each reach the data will be lumped together to increase the

sample size and thus confidence in the statistic returned.

In summary, it would appear that Configurations I and II are consistent in having a
sedimentation rate per unit area that is greater than Configuration III. There is

inconsistency between the reaches as to the significance of the differences for

* individual hydrographs, i.e. the same hydrograph in each of the different reaches

produces contrary levels of significance of the differences. However, there is no
consistent relations apparent between I and II at this juncture. There is considerable

variance within the data sets as shown by the individual data points.
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Two factors can be put forward to explain theée differences. The preéen_ce of a _

roughnes§ e]eméht, either uﬁstream or downstregm, in Conﬁgurétioné Iand 1, QIOng. -
the streamline of the interstice may be the characteristic that is responsible for the
differences in sedimentation rates between them and Conﬁgufation IMI. In addition

the increased interstice size of Configuration III may affect the rate of deposition.

Configuration III in its current orientation allows some streamlines to pass directly" :
through :the roﬁghness eleﬁients'without'deﬂection. . There is no obstruction to the
centra! streamlines. Cbnﬁgurations I and II possess an obstruction, with the water |
being made to flow over or around a roughness element either prior to or after, the
interstice. It can therefore be éonciuded that obstructions within the streamlines of the
flow affect the rate at which sediment is infiltrated into gravel beds. The affect that
roughness elements have oﬁ streamlines has been identified by Reid et al., {1992)
with regard to the effect that pebble clusters have on entrainment and entrapment of
sediment. To undefstand the conclusions drawn here, detailed analysis has to be
undertaken on flow struf:tures around cylinders, and the interactions of eddies on
sediment transport. Within Configuration III there is an acceleration that would a)
discourage sedimentation, (Giles ef al., 1993) b) encourage saltation and c) possibly '

increase winnowing when the trap is near fuil.

In these cases, of Configuration I and II, the flow structure above the poré space may_'
be such that it promotes deposition, rather than the sediment being maintained within
“the flow, and passing directly over the interstice. This is as a consequence of the

downward deflection caused by the apex roughness element. However, this deflection
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would also encourage winnowing at high velocity. It would, therefore, seem that
deposition of fine mate.rial is enhanced by an. arraﬁgement of roughneﬁs eléments in a o
triangle (Conlﬁguration I and TI) rather than as a square (Conﬁguraﬁon III). The

triangular arrangement acts by alteﬁng the flow patterns and producing a three-.
dimensional velocity.stmcture_ tﬁé.t is conducive to fine material being deposited -

within pore spaces. However, a detailed analysis of flow patterns is needed to

determine the processes that are naturally occurring above these different interstices. -

The greatest difference in mean depdsitional rates is between Configurations [and IIL.

However, these traps possess the same upstream aﬁangément of roughness elements.
It can, therefore, be concluded that the presence of the bluff body downstream in

Configuration I is the significant contributing factor in the depositional rates observed

between these configurations.

The interstice of Configuration III is double that of 1. This means that there is a

greater area through which the water of the free-stream is able to interact with that in

- the receiver. This interaction is greater than in other studies, because of the lack of

framework within the receiver. The interaction between the two bodies of water

could lead to increased turbulence, resulting in exchanges of fluid and affecting the

' rate of sedimentation.

It is, therefore, apparent within this study that the configuration of roughness elements _
above the receiver does affect the rate at which sediment can be deposited. Despite

having no data on flow patterns around these different configurations, it is suggested
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that the presence of thé bluff bodies alters the flow direction and velocity' and,

therefore, deposition of fines.

42  The effect of peak stage within hydrographs on the rate of material
infiltration.

The analysis of the effect of increasing stage‘ - discharge on the sedimentation
rates observed on Burleigh Brook will be carried out in a similar manner to that
undertaken in the previous section on the effect of interstice configuration. Data will

be analysed for each configuration separately and each reach individually.

The overail aim 6f this section is to ascertain if rates of sedimentation are related to
peak stage within each of the individual hydrographs. The main question here is, does
the Stagé of water within Burleigh Brook affect the amount of sediment transﬁorted,
and iherefore, deposited w1thm containers that are flush with the bed? However, it.
has to be understood that there would have been altération in the turbulence structure
‘within the container as itz neared capacity. Tﬁis alteratidn could have excavated
mateﬁal already deposited and affecte.d the derived rate of infiltration. As has already
been stéted, only hydrographs_ above 0.15m and below a stage of 0.5m ére analysed.
It .must be remembered that r.ate.s'depict.ed here are estimates of minimum hourly rates

per unit area.

The data in the following sections was analysed using ANOVA, with post-hoc tests,
and a regression analysis to determine if sedimentation rates are dependent upon

- stage. The ANOVA tests were undertaken to ascertain if the populations from each of
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- the different hydrographs were obtained from one larger sét, i.e. that an increase in -
stage / diScharge does not affect the sedimentation rates. Any results from the 7
ANOVA tests that are statistically significant will suggest that stage / discharge does

affect sediméntation fates.
4.2.1 Reachl.

As has been stated, the data sets are still being split into constituent trap

configurations. Table 4.6 shows the results of the ANOVA tests.

Table 4.6 showing th'e statistics derived from the ANOVA tests on Reach 1
for the effects of stage on depositional rates.

Configuration Sumof Degreesof Mean F Significance
' Squares Freedom Square Value
[ Between Squares  545.022 11 49547 1.736 0.144
Within Groups  513.795 18 28.544
Total 1058.817 29
II Between Squares  111.179 8 13.897 2244 0.094
Within Groups 80.503 13 6.193
Total 191.682 21
II Between Squares  85.009 10 8501 3.226 0.034
Within Groups 28.988 11 2.635
Total 113,997 21

{Single underline indicates rejection of the null hypothesis_at a < 0.05).
There is limited statistical evidence to show_ that there is a difference in the
_ sedimentation populations with regard to an increase in stage. Within this data set,
Configuration III shows that the sedimentation rates do vary with an increase in stage.
The other two conﬁgurations show that the null hypothésis of no difference cannoi Be
rejected at a strict level of significance, but do suggest that there is variation in the

populations in relation to changes in stage. This is illustrated by Figure 4.5.




Flgure 4.5 shows how depos:tlonal rates (kg m™ hrl) are affected by an increase

in stage for Reach 1.
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Correiation analyses have been undertaken on the data sets and are shown in Table

4.7.

Table 4.7 showmg the correlation statistics relating to sedlmentatlon rates

(kg hr! m?) and stage for Reach 1.

Configuration ~ Mean Std Deviatton . N Pearson  Significance

Correlation  (2-tailed)
1 4.374 6.0424 32 - 037 0.847
1 2113 3.0212 22 0.274 0.217
I 2.343 23299 22 - -0.315 0.153

All 3.098 4.4525 - 74 -0.013 0912

‘ Thcre is no clear-cut correlation between an increase in stage and an increase in
deposmonal rate (kg hr'! m™). Indeed, the correlation coefficient for Configuration ITI
has a negative sign. Overall, the patterns are not what Would be expected, as an
increase in stage / discharge affects the shear stress on the bed of the stream and
therefore increases entrainment. It 'would be expected that as entrainment incréases,
there would be more material moving along the bed of the stream, and therefore an

increase in the amount of material moving into the interstices.
4.2.2 Reach2

Tables 4.8 and 4.9 summarise the results of a similar analysis on Reach 2. Graphs in
Figure 4.6 depict sedimentation rates for different stage measurements. Reach 2

behaves in a manner that is different from that of Reach 1, The depositional rates for
individual hydrographs do come from different populations, suggesting that there is
an increase in depositional rate as stage increases. These resﬁlts depict the trend that

was expected.
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Table 4.8 showmg the statistics derived from the ANOVA tests on Reach 2
for the effects of stage on depositional rates. : '

Configuration Sumof Degreesof Mean F Value Significance
) Squares  Freedom - Square
I Between Squares  254.053 10 25405  5.294 0.001
Within Groups 95978 20~ 4799
_ ~ Total 350.031 30 ‘ '
II Between Squares  94.431 9 10492 21.131 0.000
Within Groups 4.965 10 0497
‘ Total 99.397 19 ,
I Between Squares 133,808 10 13.381 8.179 0.000
Within Groups 32,719 20 - 1.636 '
Total 166,527 30

(Double underline indicates rejection of the null hypothesis at o0 < 0.01.).

Table 4.9 showmg the correlation statistics relating to sedlmentatlon rates
(kg hr! m™®) and an increase in stage for Reach 2.

Configuration =~ Mean Std Deviation N Pearson  Significance

Correlation  (2-tailed)
I - 3.654 3.4158 31 0.061 0.746
i 2.460 22872 20 0.304 0.192
Ui 2.174 2.3560 31 0.445 0.012
All 2.803 2.8393 82 0.226 0.041

(Figures in bold indicate that the correlation is significant at the 0.05 1eve1 for 2-tailed)
In this reach, there is a correlation between an increase in depositional rate with an
increase in stage / discharge in the case of Configuration III. The correlation is not
that strong, as shown in Figure 4.5, revealing that increase in stage does not
completely explain changes in sedimentation rates that were .observed during the

period of monitoring.
423 Reach3

Tables 4.10 and 4.11 show the results of ANOVA and correlation analyses for
-Reach 3. Graphs are shown in Figure 4.7. They are derived in the same manner as

those for the previous two reaches.




- Figure 4.6 shows how depositional rates (kg m? hr') are affected by an increase
in stage for Reach 2.
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Table 4".10 shdwing the statistics derived from the ANOVA tests on Reach

3 for the effects of stage on depositional rates,

Configuration : - Sumof Degreesof Mean F Significance

Squares  Freedom Square Value
I Between Squares  231.942 11 21.086 2917  0.023
Within Groups  122.884 17 7.228 :
Total 354.827 ;28 ' o _
I Between Squares  197.109 9 21901 6.160 3.001
Within Groups 56.890 16 3556 ' '
Total 253.999 i 25 o
IIT - - Between Squares 26444 ' 9 2938 1283 . 0394
Within Groups 13.743 6 2.291
~_ Total 40.187 - .15

(Figures in bold indicate acceptance of the null hypothesis at o > 0.300. Single underline
. indicates rejection of the null hypothesm at o < 0.05. Double underline mdlcates rejection of the null
hypothesis at a< 0 01)

Table 4, 11 showmg the correlation statistics relatmg to sedimentation
rates (kg hr' m?) and an mcrease in stage for Reach 3.

Configuration Mean Std Deviation N Pearson  Significance
Correlation  (2-tailed)
I - 3.962 3.5598 29 0.032 0.868
I 3.359 - 3.1875 26 0.094 0.648
I 1.824 . 16368 16 -0.011 0.968

All 3.259 3.1544 71 0.045 0.707

_ ‘Re‘ach 3 does not behave in a manner consistent with Reach 2. The ANOVA tests

suggest that the populations of Configurations I and T1 do differ between hydrographs,

. whereas those from Configuration I do not. The number of data points for

" Configuration III from Reach 3 was lower than other configurations as a consequence
of constant dislodgement of a Speciﬁc tfap_ lid during floods. This means that data
from this sampler were discarded, reducing the number of samples. The paucity of

samples could have affected the statistical testing, and therefore the result presented

here. However, this reasoning is not substantial enough to completely discount the

statistics produced.




Figure 4.7 shows how depositional rates (kg m hr') are affected by an increase

in stage for Reach 3.
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4.2.4 Summary of the effect of increased stage on sedimentation rates.

In ‘summéry, despite the majority of ANOVA test results returning o values
below 0.05, théfe are no visible trends that suggest these differences are solely
explained by an increase in stage / dfscharge. These results show that Reach 1
behaves in a different manner to reé.ches further downstream. This is a feﬁture that

' becomes more apparent as the thesis deals with other aspects of the data. |

Caﬂing la'nd McCahon (1987) héve shoﬁm that an increase in discharge resulted in a
‘distinct alteration in sediment accufnulation of fines ih excess of one order of
magnitude, from around 100 ;c,rm'2 wk! to between 1 and 10 kg m™ wk”. This change
in magnitude has been replicated when distinguishing between the base flow periods
and when Bﬁrleigh Brook was in flood. However, as a consequence of the finite
voiume of the’ containers, the sedimentation rates of high magnitude floods has not
been successfully calculated, leaving only an estimation of the minimal sedimentation
rates over periods of peak flow. This is a consequence of the unexpected high.
amounts of bed load tfanspor_t experienced duﬁng the high magnitude flood events of
the winter mpnths. Alteration of the container beneath the tréps after the initial results
had been analysed would have r¢sulted in a disturbance of the streambed and

compromised later results.

As a consequence of the finite volume within the receivers used in this
experimentatioh, the results used for statistical analysis are not derived from a wide

range of flows. The data from flows greater than 0.50m in stage have been

disregarded as a consequence of the receivers being full. This means that the data is
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limited aﬁd the conclusions that can be drawn as to how an increase in stage /
- discharge affects the rate of sedimentation within Burleigh Brook are speculative.
Sear (1993) observed that the infiltration of fine material was greatest under bankfﬁll
conditions, as a consequence of fine material being scoured from pools and deposited
further downstrezm, The maximum stage of 0.50m is below that of bankfull

- discharge.

This experiment differs in its methodology to that of Carling and McCahon (1987) in
that the periods over which infiltration was integrated are consistenf with flood events,
whereas in Carling and McCahon’s study the time span was set at weekly inten)als.
- They observed- that in the week subsequent to a flood event, the sedimentation rate
increased with regard to base flow rates. If this observation is common to all rivers,
- then the results here are flawed. However, in defence of this, it is difficult to use data
integrated over long time periods and relate these to detailed instantaneous

measurements relating to a period within a flood event.

4.3  Effect of intra-reach ‘placement.

As shown in Chapter 3, different trap conﬁgllratiohs occupied different zones
in the selected riffles. This section addresses whether there is a spatial variation in the
sediment flux or trapping efficiency within éach reach. As previously outlined, the
traps are positioned in thfee cross-sectional rows. Each downstream row was
comprised of three traps with the same trap lid configuration. However, the rows

were kept constant throughout all of the monitoring, meaning the data in its current
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form does nbt allow for the assessment of intra-reach variation. The reasoning behind
this was that there was only one row of each configuration in each reach. As thé_
reaches are statistically different in their sedimentation rates, sedimentation rates from
_each area of the riffles cannot be compared with a similar area in the other reaches,
i.e. the sedimentation rates from the top row of Reach 1 cannot be compared with the
sedimentation rates from the top cross-sectional row of Reach 2, Spatiai comparison,
' efther lateraily across a row, or longitudinaliy down a riffle cannot be undertaken

because each trap configuration has a different sedimentation rate.

To allow spatial variations to be examined, the data sampling needs to be more
rigorous and the traps moved around systematically, within each reach and throughout
the reaches. The data set needs to be collected over a greater time period and with a
greater number of reaches with replicates of positioning to allow ratios of infiltration

rates tq be constructed.

Published literature on the spatial variation of infiltrated fines is growing. Einstein
(1968) noted within a flume environment, that there was a generﬁl downstream |
variét_ion in the rate by which poré spaces were filled. It was observed that the
upstream area of the flume was matrix dominated prior to corhplete accuxﬁulation in
the 'doWnstream areas. Carling ‘(1984) also observes a slight decréase in the
deposition coefficient as the flume is progressed downstream., Diplas and Parker
- (1992) found that higher concentrations of fines deposited within the gravel substrate
were located at the bar tail and within the pools. Removal of fines was initiated at&the

‘bar head. Within this study, these locations were not chosen, as the main aim of this

study was to observe how sedimentation was affected by the different trap
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configuration in the niain body of the riffle where conditions were hydraulically more

stable.

Carling and Mc¢Cahon (1987) comment. that it would be expected that a correlation
Would be observed between water velocity and the deposiﬁonal rate, as a consequence
of stream .ﬂow controlling sediment transp'onf Moreover, it would_ be expected thﬁt
thé centre channel would have a greatér suspended sediment flux and therefore, this
area would have greater i.nﬁltration 'rates, (Adams and Beschta 1980, Frostick ef al.,
1984). The arrangement of traps within Burlcigh Brook possibly would not have

showed these patterns as the traps to the left and right of the channel were not at the

channel margins, but rather nearer the channel centre. These locations were favoured

as they were constantly submerged, whereas during conditions of base flow the

channel margins became devoid of flow. |

Lisle (1989) observed in his study of a Califomian gravel-bed stream tﬁat the
downstream lines of cans did not accumulate as much sediment as those further
upstream. When examining the methodology adopted by Lisle, these downstream
pbts are equivalent to Reach 3 in this study. From results shown herc, i_t is clear that
the observation occurring in California are not apparent here. Lisle (1989) sﬁggests a

lowering in the sediment flux per unit area for the decline in accumulation rates

“observed as a consequence of the distance between sites. In this study, the reaches

however, are not as separate in terms of sediment supply as the diagrams of the
Californian creeks imply. Also in this study, the rationale that has been employed is

that each reach has its own unique sediment supply and therefore comparison between .
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‘rates in one with those of another is not possible without a larger deployment of

suspended sediment samplers.

4.4 Effect of seasonali.ty on sedimentation rates within Burleigh Brook.

In this section other factors are assessed for iheir influence on the
sedimentétiqn rates within Burle.igh Brook. Soine:-authors (eg Frostick et al., 1984)
have reported the affects that se'asonalitj can have on the amount and rate at which
sediment is deposited. Frostick et al., (1984) report‘ in their study on Turkey Brook
that the value of matrix accumulation is on average 1.2 times greater in the summer
than winter. This is based upon flood frequency. There are more floods during the

winter periods moving available sediment, however, in the summer, with higher flows

less frequent, material builds up. ASCE (1992) also comment that infiltration rates

are greater in the summer under lower flows, whereas the winter floods tend to

remove fines from the gravel framework.

As has been outlined at the beginning of this section, a number of studies have

suggested that through their observations of sedimentation records over a number of

years, that the summer flood events led to a greater infiltration of fine sediment into

the interstices of gravel-bed rivers. This study only took place over one completé
season, and vandalism of the lower reaches meant that the data set is very depleted in
summer flood observations. Despite this, the following section will attempt to

ascertain if Burleigh Brook conforms with current scientific thought.
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In this section of analysis, only graphical representation of the data was used
to assist in comparing the sedimentation rates in summer months (April — September)
with those in winter months (October — March). Graphs showing the sedimentation

rates for each month are shown in Figure 4.8.

The conclusions about seasonal variations in depositional rates are reliant on graphical

evidence that shows that the greatest depositional rate recorded within this

cbnﬁguration did in fact happen in June. However, the depositional rates of a flood
hydrograph in February have the greatest average infiltration rate.  Within
Configuration II, again the highest average depositional rate for one hydrograph
occurs in the winter, closely followed by a flood event in June. Coﬁﬁguration II
shows some disparity with the published observations. The winter sedimentation
rates are comparable with the higher summer rates, however, the majority of sufnmer

hydrographs show that sedimentation rates were amongst the lowest of the year.
4.4.2 Reach2

Reach 2 shows a greater variation in the sedimentation, as shown in Figure
49. However, this makes analysing the graphical evidence more difficult.
Configuration I shows trends that both endorse.and counter the published literature.
A number of the summer hydrographs produced high sedimentation rates, however,
- the highest rate is associated with a flood event in February, The majority of

hydrographs possess similar average depositional rates. Configuration I also does
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Figure 4.9 shows the affect that Seasonality has on depositional rates (kg mZ hr'l)
for each of the configurations in Reach 2.
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not show a distinct difference in the sedimentation rates between the seasons. This
trend is slightly altered when examining Configuration III. The summer infiltration

rates are on the whole greater than the majonity of the winter rates. In some cases, this

is greater than the 1.2 factor increase shown by Frostick et al., (1984).

443 Reach3

. This reach again does not highlight the differences that ASCE (1992) and
Frostick et al., (1984) observed. There is considerable scatter between the summer
and winter seasons, which is not aided by only one year of monitoring (Figure 4.10).

This does not allow for the anomalies to be highlighted.
4.4.4 Conclusion on effects of seasonality

The data set, in its current format, does not conform with the conclusions drawn from
other studies. Examination of the Figures 4.8 — 4.10 shows that there is a wide
variation in the rates of deposition of fine matgri_al in Burleigh Brook. However, there
is no pattern that shows that the rate of sedimentation of fine material.is greater in the
summer months. It would seem from this limited data set that the gréatest infiltration
rates occur in the winter months, | As i)reviéusly stated, Burleigh Brook has a very
flashy response to heavy rainfall, which is some cases did not allow for the isolation
of individual hydrographs. The lack of isolation could have allowed the data to be

compromised in many instances.
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Figure 4.10 shows the affect that seasonality has on depositional rates (kg m2 hr?) -
for each of the configurations in Reach 3.
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4.5 Conclusion.

These results show that the reaches are statistically‘different agree ‘with i:he
findings that Adams and Beschta (1980) observed, where the percentage of fine
material within a gravel bed river could be different between locations Qithin a single
stream. Schalchi (1992) has then examined these obsewatiﬁns further within a flume,
and concluded that flow and s_uspended load affect the fate and depth of deposition. -

He also _stated that the interaction between turbulenée and the settling properties of the
suspended particles should not be ignored. In this study, the suspended sediment load
rating curve shows considerable variation, and the specific concentrations at the peak
flows has not .been used as a variable in the analysis. The sediment rating curve,
shown in Figure 2.11, however, shows that as stage / discharge increases, the_
concentration of fine material in suspension also increases. There are, however,

discrepancies and variations in the concentrations during lower flows,

As indicated above (Chapter 4.02), Hydrograph 4 has the highest sedimentation rates
obéewed. However, this is one of the hydrographs from which the results were
disregarded as a consequence of thé weight in the receiver was greater than 1000g.
~ Examination of Hydrograph 4 shows that the duration over which Burleigh Brook was
in flood was 28% hours, which is one of the lowest durations of flooding by Burleigh |
Brook recorded during 1999. This may mean that the receivers only became full near
the end of the flood event. Therefore, these results may offer estimates on the

infiltration rates that occur within Burleigh Brook over periods of peak discharge.
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Lisle (1989) observed that as the cumulative volume of bed load passing over a trap
increased the actual deposition of fine material into his cans decreased. Lisle (1989)
also observed that infiltrated material was derived from fine bedload, as opposed to

material carried in suspension.

Thé seasonality data does not, in its current form, concur with published work oﬁ the
subject. This is mainly a result of the limited summlerkﬂoods that occurred during
1999, ahd the fact that the data only represents one complete calendar year. The small
finite volume of the containers in relation to the larger than expected sediment fluxes
ocburring on Burleigh Brook does not allow complete utilisation of the data set, thus

compromising the ability to draw conclusions as to how Burleigh Brook operates.

In all of the resuits here, the sedimentation rates have not been compromised by the
formation of a seal within the interstice, as observed in other studies (e.g. Beschta and.
Jackson, 1979). This is consequential uponthe interstices being far too large for this
process, and the lack of framework in the receivers. However, a larger clast from the
bed could affect sedimentation rates by sitting over the opening to the receiver.
Observations of the traps when collecting reveal that this was not a common

occurrence, but this may have occurred during the flood and compromised results.

The results shown here are difficult to relate to studies involving sedimentation of
gravel bed rivers because of a number of factors. The first is that the receivers were
framework free. The reasoning behind this is that the aim of this study was to assess
how the different configurations of roughness elements, comprising the interstitial

component, affects sedimentation rates, Filling the receivers with framework gravels
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- would have added complicatioﬁs tb the rates and settling of tﬁe infiltrated gravels.
Second, observations by Wohl and Cenderelli (2000), amongst others, show that the
majority of fines are deposited in pools rather than riffles. The practicality of this
within Burleigh Brook was not possible. Third, many experiments on natural and
man-made systems haye_ examined the depth at which fines infiltrated intb the gravel
bed (é.g. Diplas and Parker, 1992, Davies and Nelson, 1993 Alian and Frostick,
©1999). In this study, receivers were submerged in the gravel bed, making it
impossible to record the depth of infiltration. However,.a measurement of the depth
of sediment within the receivers for each hydrograph, may have added to the analysis,
Asa consequence of this study having no framework gravels present in the receivers,
the exact lphysical mechanisms by which grains enter the framework were not
assessed heré. This study therefore does not demonstrate the processes observed and

examined by Allan and Frostick (1999), Diplas (1994) and Reid ef al., (1992).

Diplas and Parker (1992) have stated that the infiltration of fine material into the
subpavement layer within a gravel bed is independent of boundary stress and other
flow parameters. Adams and Beschta (1980) also attribute the lateral changes in
concentration of infiltrated fines to aerial changes in the surface and subsurface
material. The lack of hydraulic data around the man made interstices, compromises
- the detail into which the rates of infiltration can be related to hydraulic parameters,
that inost authors state are the most important variables (e.g. Beschta and Jackson,

1979, Frostick et al., 1984).

The exact manner by which sediment is infiltrated into the receivers in this study is

unknown as a result of a lack of information on the hydraulic flow patterns around the
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mouths of the interstices. Detailed flow patterns would have enabled interpretations
to be made regarding the influences of eddies on the sedimentation, and why the

different configurations differed in their trapping efficiency.
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- Chapter5 -

Particle Size of Infiltrated Material.
5.0 Size of infiltrated material.

The final aim of this thesis is to ascertain whether there are any relationships
between the size of infiltrated material and the variables éxémined in the previous
chapter. As outlined previously, not all the events recorded have simple hydrographs,
and to aid in the interpretation of the data, only material deposited by iﬁdi\}idual
_hydrographs were sieved. Care was also paid to sieve material deposited by events
representing the widest range of flows possiblé. As demonstrated in Chapter 4, storm
hydrographs tﬁat exceeded 0.50m maximum depth resulted in the receiving container
being filled at some point prior to the end of the event. Hydrographs that peaked
above 0.40m were not sieved because it could not be assumed that all the material
transpoﬁed during these hydrographs had infiltered into the receiver. Multiple flood
peaks enhance the difficulty of interpretation and as a consequence these were

avoided when analysing the size distribution of the deposited sediment.

Of the tWenty-four events measured, nine were chosen for further examination.
Material collected during base flow episodes remained unsieved for two reasons, the
first fel.ating to the method employed in sample preparation as outlined in Chapter 3.
@en drying resulted in samples resembling a layer of baked silt. To acquire an
accurate picture of particle size, a dispersion technique would have been needed,
possibly breaking the primary particles. However, without thorough dispersion, the

material would misrepresent the particle size distribution of the material transported
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during base-flow periods. Second, the weight of sediment collected during base flow

episodes was often under 0.05kg, which is below the advised minimum weight for

sieving (Rice, 1999, per. com.).

The interstitial components used in this experimental arrangement have larger pores
than those commonly present in lowland gravel bed rivers. The reasons for this have
been outlined in Chapter 4. As a consequence, larger material is deposited in these
traps than would be expected td inﬁltrate‘naﬁlraliy into a Iowland gravel bed pore.

This must be borne in mind when making comparisons with other work.
5.01 Preliminary Analysis.

For a given event, the contents of each trap were individually sieved and a
cumulative percentage finer than curve was constructed. Table 5.1 shows the daté
obtained from each of the sieved hydrographs. From each of the cumulative
percentage finer than curves metric particle sizes were converted into phi units. These
curves were then superimposed upon each other to assess the intra-hydrograph
variation between different configurations. However, these compound curves only
pfovide a visual representation of the variation, and, as a consequence of the number
of traps involved, do not allow for direct comparison between specific traps. In view
of the difﬁculty of comparing éumulative percentage finer than curves, a number of
different size percentiles were derived from each. These derived percentiles are those
most frequently used to ascertain the mean, skewness and sorting parameters, namely
Ds, Dig, Dso, Dsa, Dgs. The complete data set of size percentiles is shown in Appendix

5.1.



Table 5.ia Percentile size in mm for Reach 1 for individual events.

Hydrograph Peak Stage Ds Dis Dso " Dgy Dgs
(m) | :

Mean STDEV Mean STDEV Mean STDEV Mean STDEV - Mean STDEV
1 092 014 141*10% 0.27 1.94%10* 1.29 0.48 8.04 6.06 12.97 - 9.13
2 0.32 0.16  5.56*10 032 0.14 1.44 1.09 6.70 403 11.83 7.47
6 0.23 0.18  6.43*10? 0.37 0.13 1.56 0.88 921 7.38 13.63 8.10
8 0.31 0.16 2.75*10° 0.39 0.12 2.40 1.77 9.50 . 6.79 1545 7.80.
10 0.25 0.17 0.13 0.70 1.00 3.28 6.25 6.76 10.20 11.44 10.93
13 0.37 0.13  626*10% 0.29 0.15 - 1.00 0.74 6.77 7.44 13.49 9.98
15 0.46 0.14  5.13*10 027 9.64*102 1.24 1.04 8.92 890 15.18 10.33

18 0.41 0.11  3.93*107 0.23 5.35%107 1.01 0.57 361 0.99 8.06 8.41
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‘Table 5.1b Percentile size in mm for Reach 2 for individual events.

Hydrograph Peak Stage Ds Dy Dso Dgs Dygs
' (m)
Mean STDEV Mean STDEV Mean STDEV Mean STDEV Mean STDEV
1 0.92 0.18 2.90*10%7 037 0.13 241 2.03 9.87 8.55 16.30 10.47
2 0.32 0.10  242%10% 021  496*10%  0.57 0.47 2.48 2.80 6.29 5.33
6 0.23 0.09 266%¥10% 020  5.16*10%7 062 0.36 4.46 4.50 8.53 6.40
8 0.31 0.12 .5.62*10% 028 012 - 1.36 1.29 7.78 8.47 18.34 9.04
10 0.25 0.11 6.61*10% 022 0.14 0.53 0.40 3.22 372 7.36 3.82
13 0.37 0.14 267*10C7 027 327107 080 0.19 4.42 275 11.46 7.91
15 046 - 016 812*10° 033  7.61*10% 1.11 0.67 4,97 3.01 9,77 5.29

18 0.41 017 4.12*107 0.31 5.74*102 1.13 0.50 463 1.88 8.04 3.61




Table 5.1¢  Percentile size in mm for Reach 3 for individual events.

Hydrograph Peak Stage Ds - Dis Dso Dgy _ Dys
: (m)

Mean STDEV Mean STDEV Mean STDEV Mean STDEV Mezan STDEV
1 0.92 021 344*107 036  6.87*102 1.46 0.55 8.06 4.55 15.98 9.16
2 0.32 0.12 362%107 024  478*107 046 0.24 - 248 1.87 7.76 5.71
6 0.23 0.12 127*10? 0.25 1.50*10 0.59 0.12 3.98 0.97 9,25 1.62
8 0.31 0.17 8.19*107 039 0.26 1.24 0.97 4.44 2.15 822 4.08
10 025 0.12 585*10% 026 0.10 0.75 075 = 3.55 1.53 8.98 2.69
13 0.37 0.14  4.45*10? 027  6.36*10% 0.70 0.35 3.07 1.36 8.69 3.71
15 0.46 0.18 431*102 031 0.12 0.84 0.79 3.30 1.90 7.87 2.60
18 0.41 020 3.82*10F7 027 0.12 0.78 0.26 431 0.91 10.09 3.50
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The material sieved here represents all the material collected during a time period, and -
therefore includes material that was deposited during periods of base-flow prior to any
flood event. Owing to the difficulties of sieving material deposited in base-flow
conditions, the results are not corrected for these periods. It was deemed that
ascertaim'n‘g' a representation of the range of particle sizes infiltrated during flood
flows only was not possible. Particle sizés_ depicted here represent effective particle
-size, as there has been no chemical breakdown of the material into its constituent
particle sizes (e.g. Woodward and Walling, 1992). - The use of absolute particle size
was deemed unnecessary, as this is not a representative measﬁre 'of the manner by
which the material is. transported downstream. A large percentage of material is
transported as aggregates and it is thése that are irhportant in this study. .The aim is to
address the infiltration of particles into a pore space, and the requirement is for them
to be characterised as they were caﬁied downstream, not split into their constituent

parts,

In the hydrographs where the stage exceeds 0.4m, inferences can only be made
concerning thé larger percentiles within the_ cumuiative percentage finer than curves,
as the actual sizes are only minimum estimates of the larger particles that were
transported during these higher magnitude events. It is difﬁcult to surmise how this
unaccounted material would have affected fhe complete particle size distribution; |
therefore the sizes depicted here are best estimates reflecting the actual processes

occurring in these events.



5.02 Effect of the different reaches.

Owning to each reach having its own unique upstream sediment source, it is
vital to examine the reaches individually, sediment size being dependent upon
upstream sources as well as local hydraulic influences. As was shown in Chapter 4,

the individual reaches behave differently with regard to infiltration rates, as do the

configuration types. Therefore, with regard to examining the size of infiltrated

material, the reaches and configurations will be examined individually. To verify if
each reach behaves independently of each other, the D; to Dys percentiles for each
configuration within éach reach were statistically analysed using ANOVA tests,

hydrograph by hydrograph (Appendix 5.2).

A summary from Appendix 5.2 indicates that Reach 1, Reach 2 and Reach 3 are
statisticaily different. This difference is apparent across all the percentiles, and shows
intra-event variation between configurations, and between hydrographs. There is no
apparent trend at this point and, consequently, further analysis will use a reach by
reach approach within events and a configuration by configuration approach when

examining trends between hydrographs.

A graphical summaxy'of some of the information derived from statistical analysis is
shown in Figure 5.1. This illustrates that the infiltrated particle size does differ
between reacﬁes within a single hydrograph for a single configuration. It also shows
that in some cases the particle sizes from a single configuration do not differ between

reaches within a single hydrograph for a given percentile.

T
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Figure 5.1 showing how the sizes of designated percentiles vary across the
reaches. a)and b) show difference between the three reaches, whereas c)and d)
show that the reaches show similarities in particle sizes.

(Particle sizes shown in mm)

a) Hydrograph 8, Configuration IT1, Ds, b) Hydrograph 10, Configuration II, Ds.
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5.1  Anintreduction to particle size within Burleigh Brook. -

In this chapter, the results presented show the particle sizes of the infiltrated

material into the sediment traps below the roughness elements. Kozerski (1994)

questions how cylindrical traps influence the eddies around the trap mouth, which

could .result in particle size selection duriﬁg infiltration. Unfortunately, detailed flow
énalysis around these receivers and their roughness element§ is not available, and
therefore this statement cannot be confirmed. If data on flow patterns had been
available ﬁ'qm the flume experimentation, this would have added to these discussions
despite the lack of fluid below the roughness elements in the flume. Flow analysis
with the acoustic Doppler velocimeter (ADV) within Burleigh Brook was not possible
for a number of reasons. First, the ADV only operates successfully under relati\}ely
clear water conditions, and with a flow depth in excess of 0.10m. Under these
conditions many of the roughness elements were above the méin flow. Depths greater

than this quickly resulted in high suspended sediment concentrations as shown in

Chapter 2, thus affecting the derivation of measurements. The second problem is the |

recognition of boundary for the ADV. The lack of distinct boundary for the ADV to
use as a reflection point would have caused many problems in interpretation of the
results. Use of other ﬂov;r recorders did not allow detailed flow analysis to be
undertaken within the interstice opening to examine these problems raised by

Kozerski (1994).

~As described in Chapter 3.1.1, the traps used here do not contain any framework

gravels. Consequential of this lack of material within the traps, a larger size range of

bed material is found in these traps. Therefore, larger material is recorded in this
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~ study than has been observed by other studies (e.g. Frostick et al., 1984). Data shown
in Table 5. 1’ illustrates that the larger size pércentiles aré pf similar size to the lower
range of material collected using the Wolman sampling, as shown in Chapter 2. This
is in close agreement with observations made by Lisle (1989) who stated that
infiltration of sediment into gravel-bed rivers is mainly via fine material carried as

bedload rather than matenial settling out from suspension. As has been commented on

during Chapter 1, the size of the infiltrated material is an important factor in the

" clogging df gravel pores (e.g. Schalchi, 1992, 1995). The nature by which this
clogging occurs is dependent upon the ratio of the size of the infiltrating material to
the size of pore into which it is entering (e.g. Diplas and Parker, 1992). The size of
the deposited Iﬁaterial is also an important determinant in assessing flow maintenance
for the ﬂushing of matrix dominated gravels, (e.g. Allan and Frostick, 1999) and to

| improve the aquatic environment (e.g. ASCE, 1992).

The main aim of this study is to assess the influence that roughness elements have on
sedimentation of fine material into lowland gravel-bed rivers, therefore emphasis will
be placed on the lower percentiles. It is these lower percentiles that cause a
detrimental effect on the benthic organisms and other aquatic life within gravel-bed
rivers. However, with regard to the sediment transport capability of Burleigh Brook,
the larger percentiles are important. These larger percentiles ‘will also give an
indication of the sizé ratio between the infiltrating particles and the pore space into

which they have infiltrated.
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5.2  The effect of trap configuration on particle size of infiltrated material.

Before any of the physical characteristics concerned with the hydrographs are
examined to assess their influence on the size of material infiltrated into the receivers,

the effect of individual configurations on particle size has to be addressed.

The question outlined here is to ascertain whether th¢ different roughness

configurations above the receivers placed on the stream bed, affect the size of material

that is infiltrated. Frostick ez al., (1984) state that poré space shape does affect the
| size of material that is inﬁltrated. Howevér, within this present study, the artificial .
pores are greater in size than those naturally found within lowland gravel bed rivers.

These interstitial pores were designed to be used within a flume with an ADV to

ascertain the three dimensional flow field, however, the labofatory work was affected

by equipment failure.

It was decided that using ail the derived percentiles was unnecessary, so only the Ds,
Dsp and Dys percentiles were examined. These three percentiles were chosen to
represent the finer material, important with regard to the _clogging 6f interstice pores,
along with the mean particle size, and the larger material, which is used as a measure
~of flow competence. As a result of Chapter 4, the number of hydrograph units
examined was reduced as a consequence of the receiver dry weight being above 1.0
kg. All those receivers sieved in Hydrograph 1 and 15 were removed from the

statistical analysis,
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| ‘ | Prior t6 carrying out staﬁstical énalysis, hydrograph by hydrograph, reach by reach,
graphs were produced to ascertain w'suaily if there are any differences between t_h_e |
different donﬁgurations. An example of these can be seen in Figure 5.2. To verify
these conclusions, ANOVA tests were undertaken. The complete statistical analysis

can be seen in Appendix 5.3.

A summary of thesg tests is ﬁag .within each reach, there ié lixﬁited statistical
evidence that fhere 1s é difference in size of the materials inﬁltmted into the three
different configurations. It is, theréfore, possiblé 1o amalgamate results from all the
configurations within each reach for each of the designated percentiles to assess the
influence the remaining factors have on the size of material infiltrated into the
receivers. However, on a number of occasions there were differences in the size of
‘the selected pércentiies between the configurations. These mainly occurred at the Do
percentile. Table 5.2 below depicts where there are statistically significant differences

in particle’s size between the configurations as shown by post-hoc t-tests.

Table 5.2 showing the statistical differences in particle sizes between two
configurations.

Hydrograph Reach Dependent Configurations Mean Std. Significance
‘ : Variable ~ Difference Error
6 2 Dos I I 163167 = 4.8191 0.028
- 10 3 Dgs I 11 4.2667 1.5326 0.050
10 3 Dygs 11 {1 7.8700 1.678% 0.009
18 3 Dss 1 il 36333 - 1.0158 0.016
18 3 Dogs 1 I 54317 1.1357 0.005

(Single underline indicates rejection of the null hypothesis at a < 0.05, double underline
indicates a rejection of the null hypothesis at o < 0.01).
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Figure 5.2 showing how configuration effects the size of infiltrated material for
different reaches and percentiles.

(Particle sizes shown in mm)

a) Hydrograph 6, Reach2, Ds. d) Hydrograph 10, Reach 3, Ds.
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In #ddition to those listed, there is one instance that is not recorded, becausé of limited
data set led to an inability to undertake post-hoc t-test analysis. This result is that the
Ds percentile in Hydrograph 8 Reach 1 shows a statistical difference between the
populations. As a consequencerof there being no post-hoc t-test analysis, the
graphical representation shows that the statistical difference iﬁ the mean of the
populations is between Configuration I and III,l with Configuration I having a Ds

which is greater than that of Configuration I.

Table 5.2 shows that it is oniy at the highest percentile that the.re i§ a statistically
significant difference between the size of the material infiltrated in the sediment traps.
In over 50% of the instances, the difference is associated with Configuration II1. AS
has already been illustrated, Configuration III has a greater interstice area, and
therefore, it would be expected that the particle size of the 95™ percentile in the
receivers below this configuration of roughness elements would be greater. Figure
5.2 c and f graphically illustrates the statistically significant differences shown above.
In one of the illustrated cases, Configuration I has the greatest size of particle at the
95™ percentile. It can, therefore, be concluded that it is not necessarily the size of the
interstice opening that is the determining factor in this instancc. Can there, therefore,
be another common factor for these five instances which results in a significant
statistical difference in the mean of the Dys? It might have been expeéted that the
largér percéntiles for Configuration III would be coarser tha.ﬁ Iand 11, if a threshold

for transporting larger sediment was exceeded because of Configuration III’s larger

opening.
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The above statistics show that, overall, the different roughhess elements alllow
infiltration of material that possesses size characteristics that could be elen'ved from
the same population. This is not what would be expected. The expectation was that
Configuration III would have a mean particle size at.the 95™ percentile that was
greater than those found in Configurations I and II. Configuration II has an upstream
obstruction, could significantly alter the manner in which sediment was trapped and
infiltrated, and therefore, affect the size distribution, Unfortuﬁately; without brecise
flow anelysis, observing the detailed shedding of flow and any possible reversal in the
lee behind the two downstream roughness elements in Configurations IT and III, it is
impossible to comment with any certainty how the arrangements are altering the flow
dynamics and therefore, the sediment transport processes within the vicinity of the

interstice.

In summary, it can be concluded that with one exception the D5 and D55, ANOVA
statistics show that the populations from each of the different conﬁguratione could be
derived from a single populetion. In addition, the majority of the Dys percentiles are
also derived from a single population, regardless of the different configurations.
These statistics show that despite the interstice opening of Configuration III
possessing a circular opening, with double the diameter of Configurations I end II,
there is limited statistical difference between the coarser material in these reeeivers.
The fact that one of the trap .conﬁgurations has an opening twice the area of the other
.two, yet traps material with the same Dys is interesting, In subsequent analysis, all the
configurations within individual reaches have been combined together, thus providing

a larger data set, which will increase the robustness of statistical results.
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5.3  The effect of peak stage within hydrographs on the size of infiltrated
material. '

To ascertain if stage has any influence on the size of infiltrated material into
the receivers below the roughness elements, a series of graphical and statistical tests
were undertaken. As previously stated, analysisl has concentrated on three of the
selected percentiles, namely Ds, Dsg aﬂd Dqs. Prior to any statistical tests, scatter plots
were produced for each reach. In each of the plot§; the particle sizes of the chosen
pércenﬁle are plotted again.st peak stagel Mthin the hydrograph, The plots for the
three reaches for the designated percentiles are shown in Figures 5.3 to 5.5. To
accompany these graphical representations, Pearson correlations were carried out on

Ds, Dsp and Dgs within each reach. These results are shown in Table 5.3.

From these figures, it can be seen that once again, Reach 1 does not follow the trends
shown in the two downstream reaches. As is shown by these correlation statistics,
which accompany the graphical evidence, it is only at the lower percentiles that a
significant correlation is observed between an increase in stage ‘and an increase in
particle size. These statistics indjcate that as stage increases, so does the size of
mfiltrated material, at the Ds percentile. However, this trend does not continue
through the larger size percentiles. Analyses examining each configuration within
each reach separately shows that in one case, there is a correlation between an
increase in stage with‘an inérease in particle size — Réach 2, Conﬁguration II at the

Dso percentile. The statistics for this correlation are shown in Table 5.4.
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~ Figure 5.3 showing the effect of stage on the designated size percentiles for Reach 1.

(Particle sizes shown in mm)
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Figure 5.4 showing the effect of stage on the designated size percentiles for Reach 2.

(Particle sizes shown in mm)
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Figure 5.5 showing the effect of stage on the designated size percentiles for Reach 3.

(Particle sizes shown in mm)
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Table 5.3 showing the correlation statistics between an increase in the
peak stage and an increase in the size of infiltrated material.

Reach Percentile Mean  Std Deviation N Pearson Significance
Correlation (2-tailed)
1 5 - 0.1545 6.934*10% 47 0.186 \ 0.211
1 . 50 - 1,7316 23853 47 -0.068 0.652
1 95 - 12,6974 81775 47 . 0.149 0.318
2 5 . 0.1219 4703*10% 52 0478 0.000
2 50 08189 06378 52 0.174 - 0217
2 95 10.0977 7.0322 52 0.079 0.577
3 5 0.1535  5.871*10% 51 0.498 0.000
3 50 0.7809 0.5653 51 0.077 0.592
3 95 8.8176 3.6466 51 0.052 0.716

(Figures in bold indicate that the correlation is significant at the 0.01 level for 2-tailed).

Table 5.4 shows the correlatlon statistics from Reach 2, Configuration II
at the 50" percentile.

Mean Std. Deviation N Pearson Significance
Deviation (2-tailed)
0.6821 0.4881 14 0.568 0.034

{Single underline indicate that the correlation is significant at the 0.05 level for 2-tailed).

. Table 5.5a summarising the models from the regression analysis for
Reaches 2 and 3 with regard to Ds and an increase in stage.

R _ R’ Ad] usted R° StdEmorof  Durbin-
the Estimate Watson
Reach 2 0.478 0.229 0213 4.172%10% 2112

Reach 3 0.498 0.248 0.232 5.144*10° 2.135

_Table 5.5b shows the ANOVA results associated with the regression
- analysis for Reaches 2 and 3 with regard to Ds and an increase in stage.

Sumof  Degreesof  Mean F Significance
Squares  Freedom Square
Reach Regression - 2.580*10™ 1 2.580%10~ 14.825 0.000
2 Residual  8.701*10% 50  1.740*10°
Total 0.113 51
Reach Regression 4.272*107 1 4272%107  16.146 0.000
3 Residual  0.130 49  2646%10° :

Total 0.172 50
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This correlation at the higher percentile is as statistically significant as those shown in
Table 5.3. However, it does show that when the large data sct is split down into its
constituent reaches and configurations that there are trends which are hidden when

amalgamation occurs,

Lineaf regression analysis was undertaken to assess the relation .betweenrDs_ and stage
in Reaches 2 and 3 (Tébles 5.5aand b). From these two tables it is clear to see that
there is a poor relationship between Ds of infiltrated material and stage. From thése
statistiés aiong w1th the graphical representations, it can be concluded that Reach 1
behaves differently from Reaches 2 and 3. Its is also demonstrated that s_tatistically,

that only the particle size of Ds increases with an increase in peak stagé.

As a consequence of a lack of statistically significant relationships between stage and
particles size, a series of ANOVA tests were undertaken to examine if there were any
differences in the populations of each reach as peak stage increased. Table 5.6a - ¢

shows the results of these tests.

. These tests were used to determine if the particle size at the designated size

percentiles were obtained from the same population regardless of changes in stage.
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Table 5.6a showing the results of a series of ANOVA tests to determine if
there is a statistical difference in the populations of particles size as peak stage is
increased for Reach 1

Sumof  Degrees Mean - F Significance
Squares of Square .
: Freedom
Ds Between Groups 3.419*10” 6 5.699*10° 1.219 0.137
Within Groups 0.187 40 4.674*10°
Total 0.221 46
Dsp Between Groups 24.022 6 4.004 0674 - 0.671
Within Groups® 237695 40 5.942
_ Total 261.717 46 :
Dgs . Between Groups  294.963 6 49.160  0.707 0.646
Within Groups  2781.144 40 69.529 o
Total 3076.107 46 , s

Table 5.6b showing the results of a series of ANOVA tests to determine if
there is a statistical difference in the populations of particles size as peak stage is
increased for Reach 2 .

Sumof  Degrees Mean F Significance
Squares of Square :
- Freedom
Ds Between Groups 3.632*10° 6 6.054*10°  3.562 0.006
Within Groups ~ 7.649*102 45 1.700*10°
Total 0113 51
Ds, Between Groups 4275 6 0.713 1.946 0.094
Within Groups 16474 45 0.366
Total 20.749 51 i
Dos Between Groups  705.610 6 117.602 2913 0.017
Within Groups ~ 1818.412 45 40.365

Total 2522.022 51
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Table 5.6¢ Showing the results of a series of ANOVA tests to determine if
there is a statistical difference in the populations of partlcles size as peak stage is
increased for Reach 3 : :

Sumof  Degrees Mean F Significance
Squares  of = Square
Freedom '
Ds Between Groups 6.373*10” 6  1.062*10° 4302 0.002
Within Groups ~ 0.109 44 2.469%10° |
- Total - 0172 50
'Dsp Between Groups 2.877 6 - 0.480 1.611 0.167
Within Groups 13.101 44 0.298 :
Total 15.978 50 - '
Dgs  Between Groups  24.834 6 4139 0.285 0.941
Within Groups 640,033 - 44  14.546 '
Total 664.867 50

(Single underline indicates a rejection of the null hypothesis at o < 0.05, double underline
indicates rejection of the null hypothesis at o < 0.01. Figures in bold indicate acceptance of the null
hypothesis at o > 0.300).
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These tables clearly show that Reach 1 does not show any significant size difference
in the specified size percentiles of the deposited material over the range of recorded

| hydrographs. This indicates‘that the actual sizes of the depositéd material retrieved
from all the hydrographs are deﬁved from the same population. Reaches 2 and 3,
howe\.rer, contradict Reach 1, showiné differences in the populations for the selected
size percentiles. From these statistics, it can be inferred that the two different modes

o of entramment bneﬂy d1scussed in Chapter 1 are operatlng 1n Burleigh Brook The

“ -StatIStICS from Reach'1 show that the individual size percentiles are derlved from the

same population, independent of changes in peak stage, and therefore discharge.

This equafes to the theory of equal. mbbilify. Parker et al (1-982) stated that all Qain
- sizes have an edual Iikefiheod of traﬂsportation wﬁen the critical condition of armour
layer break-up occurs. Andrews and Parkef (1987) define the occurrence of equal
mobility as the period when grain size distribution of the bedload is equal to that of
the bed. Wilcock (1993) added that any size distribution of bed material would

become entrained at nearly equal flow conditions,

Within Reaches 2 and 3, the populations from which the actual sizes for individual
size percenules are denved are dependent upon stage with the exception of Dys in
Reach 3 The dependence of size on stage suggests that size selective entrainment is
occurring at these two downstream sites. Ashwor_th and Ferguson (1989) stated that
moi)ility decreaeed with increasing particle size especially at low flows. It would

seem that the two downstream reaches agree with theory of size selective transport.
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5.3.1 Conclusion to the effect of peak stage on the size of infiltrated material.

The bonclusions : draw_n from the effect thét peak 'stage has on the size of
ihﬁltréted 'material is that it is only the finer size percentiles that are affected By this
variable. The Dsp and Dos show a limited increase in size as stage increases. This
could be due to a number of factors. The first consists of the limiting affect that the
interstice has 6n only allowing a finite range of material to pass through. The second
being that the larger particle sizes ‘were Ohly tranSpdrted at lﬁgher ﬂows,. which ha\}e

been removed from this data set.

5.4 . The effect of seasonality on particle sizes of fhe infiltrated material.

Frostick et al., (1984) demonstrated on Turkey Brook that seasonality affected
the size distribution of material infiltrated into the streambed. They observed that
: sur'nm.er floods with a greater discharge produced accumulations that were ﬁner than
maﬁices derived from 2 lower discharge event in winter. The finer matrices are
prodﬁced by greater suspended sediment concentrations within summer floods. As
stated éarlier, vandalism of the receivers, in the summer months has meant that the |
~ data was limited wheﬁ hydrographs were chosen for sizé determination., Only two of
the hydfographs under discussion here are results frdm lsurnmer floods. As a
consequence of the limited data set under observation here, the analysis will
boncentrate on graphical representation to address if the infiltrated material in the

summer months is indeed finer. =Analysis will again be undertaken on a reach by

reach basis.
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54.1 Reachl.

Three of the size percentiles were exanuned in this analysis (1 e. D5, Dsg and

| Dgs) Wlth regard fo the D5 particles, the coarsest occur during the winter months.
The two finest size distributions are those present in June and August. The size
distributions of the Ds panicles are almost constant throughout the year. However,
the raﬁge of particle size distribution increases at thp 95™ percentile. The_largest Dgs
particle size was trapped during a summer flood in June, however, w1th one

exception, the Dos retrieved in August are the finest of the complete year (Figure 5.6).
5.4.2 Reaches 2 and 3.

The results from these two reaches are different from Reach 1. The two lower
reaches do show some results similar to thosé qbserved from Turkey Brook, At the
finest percentile 6xaminéd — Ds, the particle size distribution is coarser, with the
exception of two receivers in February and March. The data within the scatter plots,
Figure 5.7 and 5.8 for Reaches 2 and 3 respectivelj, do show that there is an increase
in the Ds between the winter and the summer. As the percentiles are increased, the
Dsp infiltrated into Reach 2 is coarser in the summer than that infiltrated during the -
winter, This trend is not as apparent at: Dys, nor within Reach 3. In conclusion, these
two"réaches do illustrate some agreement to the trends observed in Turkey Erook,
however, the limited range of data here, and the inclﬁsion of only one winter and
summer season, does not aid in the interpretation of these results to previously

published trends.



Figure 5.6 showing the effect of seasonélity on the size of infiltrated material for
Reach 1

(Particle sizes shown in mm)







Figure 5.7 showing the effect of seasonality on the size of infiltrated material for

Reach 2

(Particle sizes shown in mm)
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Figure 5.8 showing the effect of seasonality on the size of infiltrated material for
Reach3 -

 (Particle sizes shown in mm)
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- 5,5 ' Conclusion.

As has been shown in this Chapter, there are many different variables that
contribute to the .particle size of the infiltrated material. The conclusions drawn here
‘are based in a limited data set, and therefore, have to be uslcd ina cohstrained manner.
_ The data' set is limited in two ways, first, the number of hydrographs, whose deposi_ted
material was sieved, is very i_imited, and second, the results only span one season.
This means the conclusions examining the effect of seasonality .are based on a very

limited data set.

It can be séen tﬁat in many _inStances, Reach 1 'doés not behave in a manner that is
consistént with the two downstream réaches'or any previous published literature. The
main factors that can be seen to Vaffect the size of the infiltrated material are an
increase in stage and an increase in the time between successive flood peaks. There is
no statistically significant effect on particle size as a result of an alteration in the
interétice opening area, or the orientation of the interstice within the flow. This is the
most surprising conclusion drawn from results obtained here. It is well documented
in field studies that the pore arrangement affects thelsize distribution of material found
within gravel-bed rivers. These results could be bf;causq of a lack of frameworié

within the receivers,

As has been shown, it is only the finer section of the size distribution that is affected
by the factors mentioned above. To produce results that are more reliable, a longer
monitoring programme is needed. A pilot study to assess the sediment transport of |

 the designated study area is also needed, to address the size of the receiver that is
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needed to cope with the volumes of sediment available to be infiltrated. The
arrangement of receivers within the three study sites allowed comparisons to be made -
within reaches, it also avoided the problem that could have arisen had Reach 1

contained only one type of configuration.

As has been stated, the main aim“ of this secﬁbn of the thesis is to assess the
importance of infiltration of the lower peréenti!es into lowland gravel-bed rivers. The -
- statistical evidence suggests that the finer range of the size distribution of infiltrated
material ié closely linked to stage, and therefore discharge. As a consequence .of the
methodology employed here, the base-flow periods could not be sieved, so the size
distribution associated with base-flow is undetermined. This méms that inferences
cannot be made aBout changes in size distributions from a base-flow level. However,
it can be concluded that the Ds does increase with the increase in stage and therefore
discharge. This can have detrimental affects on the survival of bioﬁc organisms as
shown in Sear (1993) and Wood and Armitage (1997, 1999). Furthermore, this study
does not examine the role that an increase in flow has on the flushing of fine material
from gravel beds (e.g. Diplas and Parker, 1992). It would seem that the infiltration of
fines intd, and. their flushing from a gra\}el bed are processes that can operate

simultaneously over a small range of distances.

As has been shom, the size of infiltrated material increases as the lag time between
successive flood peaks increases. Seasonality also affects the size distribution of
material that comprises the matrix. Both these factors could have detrimental affects

of the life cycles of biotic life. In this study, biotic samples were not taken, and'
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therefore this area has not been researched, but conclusions from this study show that

this is an avenue of study that could be pursued in firture.
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 Chapter 6
Discussion and Conclusion

| As has been demonstrated in the previous chapters, examining the rate of
infiltration of sediment and the size of this material, tHcre aré a number of
| characteristics of flood hydrographs that affect the rate and size of material. These
parameters have included water s_fage, trap conﬁgufation, placement of the. traps and
seasonal'ity_.. Conclusions can be drawn with regard to each of these and the two main
subject areas of the thesis. Throughout this study a number of issues have arisen from
the analysis. These include the difference that Reach 1 has with regard both to the
sedimentation rates, and especially the size of material infiltrated. The period of
monitoring is another variable that needs to be further addressed, along.with variables
that could aid in further interpretation of | the study. In this final chai)ter, the
conclusions from each of the sections will be discussed in context, along with

interesting features that this study has highlighted.

When assessing the obseryations made within this study, the separation of unit
hydrographs from the long-term annual flow regime prbved difficult. This inability to
o cbmpletely i'sélate floods adds discrepanciés to the data set. There are also the
problems of antecédcnt conditions within the drainage basin. In addition to this, a
greater hy'draulrié su;v:ey is required at each of the reaches as various characteristics
and variables need to be ascertained. These include an estimation of local roughness
length, determination of the Froude number and an estimation of shear stréss on the, .

bed. These variables can be ascertained from a thorough- assessment of the velocity
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patterns along each of the reaches. These would need to be undertaken at a number of
different water depths to ensure that the conclusions drawn are valid over the
complete range of flows. An increase in the density of levelling surveys would aid in

the interpretation of the results, along with the determination of the characteristics of

the long profile of each reach. To aid in the interpretation and comparison of results

between differént reaches a complete survey, including a long profile, sediment -

SUrveys aﬁd velocity analysis, should be undertaken on the whole stretch, from above

Reach 1 to below Reach 3.

6.1 The effect that the individual reaches have on the sedimentation‘rates and
size of infiltrated material. ' ’ | '

- The major conclusion of this study is that there are differences in the rates of -

sedimentation of material, and the size of deposited material within the three reaches
examined here. The three reaches are within 1km of each other and are not affected

by confluence inputs between them. ~This study therefore, demonstrates that

sedimentation within a river bed is very site specific (Schalchi, 1992 and 1995) and is

affected by features on a reach scale as well as the micro-features ((Brayshaw et al.,

1983), such as the configuration of roughness elémenfs (seé section 6.3).

In particular, Reach 1, is significantly different from Reaches 2 and 3, which show -

similar trends. The meandering stretch and the final confluence about 100m upstrearh
further complicate Reach 1. Over the monitoring period, 'prominent bar growth took

place in the upper region of the riffle, adjacent to the upstream row of traps. This
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demonstrates that the overall flow hydfaulics in this chosen section were not as

uniform as first thought.

6.2  The effect of water stage on sedimentation rates and size of infiltrated
material. - ‘

With regard to changes in water stage, there is no apparent change in the _

sedimentation rates as peak stage increases. It would be expected that as stage -

increases, the power of the stream would intensify and therefore the stream’s transport
competence should increase. An increase in carrying capacity would mean a greater
sediment flux, giving rise to a greater potential for ingress of material. The results

would therefore expect to show infiltration rates to increase with stage. As a

conseiluence of there being a limited affect of increased stage on the rate of

sedimentétion within this study, there are a number of factors that could be
responsible for this. These include the hydraulic effects of water flowing over the
traps and scouring out material that had already been deposited. This effect would
alter the apparent sedimentation rates in events where the traps were close to full. The
non-recording nature of the traps together with the impossibility of observing them

during flood conditions leaves the effect of winnowing uncertain.

ANOVA results from the tests carried out to ascertain if there was a difference in

populations of sedimentation rates as stage increased return a values below 0.05, but

the graphical representation does not completely explain these differences. This study

agrees with the findings of Carling and McCahon (1987), that stresses that the
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deposition rates change by an order of magnitude between periods of base-flow and

flood conditions.

This study shows that in the reaches examined here, that the competence of sedintent
transpert did not increase with stage, as demonstrated by no increase in sedimentation
rates with increased stage. However, the methodology adopted does not allow
analysis of the sednmentatlon rates to be exammed for the hydrographs above 0.5m.

Sear (1993) observed that the greatest 1nﬁltrat10n of ﬁnes occurred at bankfull
discharge. Unfortunately, these findings could not be rephcated as in the cases when _
the peak stage _exceeded 0.5m, only estimations of the rm'ﬁimdm rates could be
determined as a consequence of the finite voldme of the receivers. As has been
demonstrated in Chapter 4.5, Hydrograph 4 possesses a sedimentation rate that is
greater than those observed for other hydrographs. From this one result it can be seen
that there is potentially an increase in sedimentlati*on rates with an increase in stage,

however, this will need to be examined further with greater receivers.

The size of the infiltrated material, at the finer percentiles, indicated that an increase
in stage was affecting the size distribution of the deposited material. In the case of
Burleigh Brook, the results from Reach 1 were signiﬁeantly different from those of
Reaches 2 and 3 In Reach 1, it is apparent that only the Ds is correlated with an

increase in stage. ANOVA tests also revealed that as stage increased, the actual sizes

of the material deposited could have been derived from the same population. These

results are deemed to relate to the theory of equal mobility as outlined by Parker et al.,
(1982), Andrews and Parker (1987) and Wilcock (1993), where all sizes of the bed are

entrained at nearly equal flow conditions.
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' Reaches 2 and 3 also show a progression of coarsening of the Ds as stage increases.
A fuﬁher bréékdown of the data set, also reveals in some instances, the coarser
percehtiles .also. alter with an increasing stage, e.g. Configuration II at the Dsp
pércel'ntile on Reach 2. Analysis on Reaches 2 and 3 conclude that the .sizés of
infiltrated material are dependent oh stage. 'I“hé only exception here is the Dgs on
Reach 3. The theory proposed .by Ashworth and .Fergusbn (1989), of size selective
entrainment is reIevént in thése iower two reaches. The size mate_ﬁal which is moved,
and the;efore deposited in the 'receivers within  this stu&y change as Stage, and

therefore discharge increase.

Analysis here indicates thaf the sedimentation rates, as calculated here, are not

affected by increases in stage and thereforel discharge. Time to rise, or lag time
| between successive flood peaks, could possibly be a more appropriate measure of
time. However, it would not be cdnducive if the time taken for Burleigh Brook to
reach peak stage if the suspended sedimentl .concentration lagged behind or was in

front of the water stage.

6.3 ~ The effect that trap confignration has on the rate of infiltration rate and
size of deposited material.’ '

The amrangements of roughness elements used in this study constitute the
simplest interstices that are found in gravel-bed rivers, and correspond to the shape of
75% of the interstitial openings found in nature (Frostick ef al., 1984). The pore

arrangements used in this study are not representative of the interstitial pores found
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within natural gravel-bed rivers, because of the gaps between the boulders that
comprise the roughness elements. Pore spaces found in gravel-bed rivers are usually

comprised of a number of particles / roughness elements that touch.

The effect of trap conﬁgﬁration_ on both rates of sedimentation and size of infiltrated
material is difficult to exarﬁine. This is as a conseq'uence' of not being able to
diffe;entiate between the effects of conﬁgmﬁtion, orientation of the apex roughneés_
élemcrit within the flow, and. changes in the size of | the interstitial opening.
Sedimentation fates are réduced in Configuration III (inferstitial area of 3.62*107m)
relative to those obsgrved in Configurations I and IT (interstitial area of 1.81*10’2mj.
The diﬁ'efence has been attributed to the lack of an axial‘ roughness element in
Configuration III. However, the area of the interstice opening increased as a
~ consequence of using four roughness elements and maintaining the spacing between
them consistent with that between Configurations I and II (see Chapter 3.1.2). This
increase iﬂ area of the trap ppening was mirrored by a decline in the rafe of
sedimentation. Unfbrtunately, in designing the sampling strategy, the problems
associated with being unable to differentiate between the trap lid arrangement and thé
doubling of the interstitial area were not‘"fully appreciated. In order to comprehend
the effeﬁt of roughness element configuration, méintenance of size and spacing was
'imponént. Toimaintain.interstitial ope_ﬁing sizé the roughness elements would have to

be scaled-up or down.

Particle size analysis of Configuration III, which possessed the increased interstitial
‘opening area, showed that at the coarser limit of the size distribution there was a

difference in the size of material infiltrated. The actual size of the deposited material
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was coarser than. that found in. Conﬁgurations I and II. This differerrce was only
_fdund in the hydrographs where the peak stages recorded tie at the lower end of those
measured. Again thie truncation of the statistical significance is a consequertce of the
- finite volume of the'container.s. These ﬁndings from this study atgree with. those
obserVed by Frostick et al., (1984) who demonstrated that an interstitial pore could
affect the size distribution of material infiltrated through it. Despite the interstitial
: leircu]ar opening of Conﬁguratior: 111 being dottblé that of Configurations I and II,
there is ne elear‘ statistieal evidence to demonstrate that this has an affect on the size

of the infiltrated material.

- The analyses of sedimentation rates and particles sizes mirror each other in the fact
that Conﬁgeretions 1 and I show little difference in their results. This is unexpected
as the upstream arrangements of roughness elements that comprise these lids are
different: The central axial roughness element of Configuration I is downstream of

the interstitial pore space, whereas it is upstream of the interstitial opening in

Configuration IL. It was expected that the orientation of this roughness element would

influence the sedimentation rates and particles size of the infiltrated material, as a
" consequence of an alteration of the flow structures. Analysis by Brayshaw et al.,
(1983) have shown that entrainment is affected by an alteration of the flow structure
| around a pebble cluster It would, therefore, be expected that the roughness elements
* here would have an effect on the flow structures and therefore rates of deposition and

the size of this deposited material.
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6.4  The effect of seasonality on depositional rate and the size of the infiltrated
material.
This study was undertaken over a period of one year, and therefore the data set
is limited here, in both terms of replication of sedimentation rates within a month and
especially with regard to the number of events that were sieved. This means that the

conclusions drawn here are based on a limited data set and therefore need to be

examined with care.

Frostick et al., (1984) ascertained that the sedimentation rates on Turkey Brook

during the summer months were greater than those bccurrihg th:oughout the winter;
The accumulation rate was 1.2 times greater. A study by ASCE (1992) ' also
comments that the sedimentatioh rates are greater under summer flows. However, the
data set here does not conform to these other studies. The graphical representation of
infiltration of fine material shows a wide amount of scatter. From the limited data set
here, it would seem that Burleigh Brook shows a trend that is opposite to that outlined
above. The sedimentation rates within Burleigh Brook are greater in the winter
months. ‘However, thé isolation of individual hydrographs in the winter months was

difficult.

-The studies on seasonality (e.g. Frostiék et al., 1984) also examined the size of the

ingressed material, finding that in the summer the matrices were finer than those
produced from equal discharges in the winter. As a consequence of the limited data
set, the results are conflicting, both between reaches and across the range of size

percentiles, leading to problems in drawing valid conclusions.



-~ 165 -

6.5 Conclusion

The statistical analysis of sedimentation rates clearly show that despite differences

Between events, there are no strong relationships between peak stage and seasonality.
This means that none 6f the casual parameters measured can be used solely to explain
the variation ‘in sedimentation rates over the periods of mo'niton'ng._‘ It, therefore,
appears that further detailed analysis is required fo address linkages befween the
measured parameters to understand their contribution to, and inﬂugnce on

~ sedimentation rates.

With regard to particle size, a larger data set is needed in order to gauge with any
certéinty the effect that any of fhe parameters used, have in the size of infiltrated
material. There is also a need to isolate simple unit hydrographé of different
magnitudes and avoid piggybacking, i.e. multiple péaks.' The data set used herg is nbt

large enough to ensure that the conclusions drawn are statistically significant.

In coﬁclusion, this study has examined the effects of a number of different parameters,
namely reach, peak stage;' configuration type and seasonality, have on the
sedimentation of mateﬁal into a lowland gravel-bed river. This study has also
addressed the size distribution of the material. Comparisons reveal that particle size is
correlated with an increase in stage whereas the rate of sedimentation is independent
of Stage. The sediment traps were désigned to éssess the sedimentation rates within a
framework-free environment, enabling maximum rates to be ascertained and avoiding

complications of seal formation within the subsurface material.
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One of the aims was to assess the maximum rates by which sediment was infiltrated -

into a gravel bed. These results clearly show that the rates of infiltration vary between -

and within reaches and flood events. It is,. however, unclear which physical variable
meaéured i.n this study has the mbst significant inﬂuéhce on sedimentation rates
observed. The second aim was to ésceftain if there were any variations iﬁ the size
distribution - of ir;ﬁltrated mat¢rial, between: reaches, events and different
' conﬁguraﬁons. Unfbrtunately, although there are trends, they are both truncated as

both water stage and particle size increase.
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Appendix 2,
Individual Hydrographs.

The monitoring station from which these were recorded is at the upper limit of Reach
1. As is shown by the pressure transducer there are instances where the stilling well
became clogged with sediment and affected the water stage readings obtained.
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Appendix 3 shows weights collected for each of the traps for each Hydrogmph.

Hydrograph 1 2 3 4 5 6 7 8 9 10
Reach |Trap Number |Weight ()
3 1 1614.1 2269 8.8 1275.5 189.9 - 2148 20.0 273.0 1060.5 141.2
2 13714 3023 8.6 1628.4 1249 162.1 15.2 1017.8 1326.0 153.5 -
3 1468.4 475.8 15.1 1437.1 147.1 197.6 224 728.6 - 1203.2 1698
4 12357 150.6 11.5 1300.6 802.5 192.0 338 - 509.0 1102.1 2012
5 1591.3 209.7 11.2 1841.6 161.2 150.5 313 1462.4 1499.8 267.1
6 1537.2 372.8 14.4 1469.7 163.6 169.2 50.4 1244.5 163.6 3834
7 1700.7 177.5 50 12599 233.1 184.8 11.2 356.5 11338 115.7
8 - - 15.4 1782.8 123.1 176.7 255 298.4 1571.1 -
2 9 1582.3 174.4 11.1 1367.4 94.7 2858 82 523.3 1291.1 - 45.9
10 1611.1 414.3 6.9 1636.5 61.3 150.4 4.6 7450 1439.0 3513
11 1529.5 256.6 84 1443.1 367.4 85.5 237 270.5 1359.1 4303
12 1524.9 297.6 59 1796.6 117.6 83.7 553 741.8 1428.2 102.8
13 13094 155.9 6.2 1473.9 163.1 149.3 305 3442 1216.7 38.6
14 18144 2137 6.0 1507.6 899 126.3 209 556.2 1410.8 181.3
15 1747.6 2356 6.0 1742.5 1135 52,7 8.3 3625 1409.2 48.6
- 16 1436.8 162.0 - 1477.6 64.2 95.2 11.5 3795 1049.1 112.6
1 17 1504.4 245.6 72 1454.0 239.7 257.9 9.5 565.4 1498.7 92.8
18 1567.1 67.4 38 1495.6 2124 103.1 11.6 676.4 14729 884
191 13048 233.9 21.1 1092.7 1268.1 282.3 2.0 7239 1285.2 - 196.8
20 1583.8 1190.2 11.3 1517.5 1605.0 1053.7 98 11694 11159 768
21 1594.7 2114 42 14765 - 7175 299.6 12.8 1525.8 1490.1 625.4
22 1144.5 1143.8 16.8 1540.6 677.1 686.5 19.3 1471.5 1439.7 1049.3
23 )
24

b2
n
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Hydrograph 11 12 13 14 15 16 18 19 20 21 22 26

Trap Number : :
1 - 1043.9 188.7 141.3 1208.2 466.2 - - 10.2 - - -
2 9.6 1390.8 154.3 136.6 1055.0 3257 ~ 198.4 152 - . - -
3 78 12735 . 2221 181.8 1279.8 596.8 1013.6 21.0 - - - -
4 202 1156.5 149.6 185.7 1087.7 413.8 3242 106.1 227 - - -
5 11.6 1394.7 453.8 143.2 1603.0 3454 1248.3 90.4 - - - -
6 10.8 " 13239 720.8 2254 1271 3616 405.0 79.8 - - - -
7 14.0 241.1 202.5 88.2 1001.8 602.3 - 100.0 - - - -
8 - 1334.7 483.2 3204 1289.4 891.7 1063.6 72.0 - - - -
9 11.5 1054.7 233.2 126.5 615" 541.6 2223 13.2 - - - -
10 7.3 1517.2 444.7 189.0 1543.7 700.4 191.6 4.7 - - - -
11 215 1569.5 2957 1390 1244.0 491.2 339.1 121 53 - - -
12 11.6 14863 - 513.0 324.7 162 780.0 413.0 85 - - - -
13 16.2 1321.0 294.9 99.1 850.1 1589 122.5 10.0 - - - -
14 11.8 13944 343.8 183.8 1491.5 499.9 - 52 - - - -
15 3.6 1605.6 352.5 98.2 14550 182.2 297.0 58 - - - - -
16] 22.1 1254.4 189.2 94.6 1147.1 279.6 146.5 10.5 - - - -
17 114 1239.7 81.4 273 3105 85.9 79.9 - 16 5.9 85.2 110.5
18 2.7 10319 - 773 5795 725 - - - - . -
19 8.9 1309.5 506.1 668.7 1296.3 1082.3 409.6 31 1.1 4.0 3309 3322
20 7.1 656.5 76.1 60.3 3783 80.8 40.6 44 0.7 1.1 67.1 6453
21 15.0 1745.4 131.3 61.5 2363 65.6 8.9 46 0.6 52 45.0 284.8
22; 212 13430 8212 278.2 1588.5 1034.8 131.2 14.7 0.7 54 183.2 1398.7
23 12.1 1696.3 693.0 3124 1092.6 407.3 55.0 27 0.9 5.6 2220 61.1
24 135 17469 380 351 195.1 30.7 199 26 - 0.5 4.1 275 8156
25 25.3 1415.9 169.1 176.5 1046.6 149.3 122.8 6.4 1.0 57.6 166.7 -
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Appendix 4 showing rates of deposition corrected for unit area.

Hydrograph 1 2 4 5 6 8 9 10 11 12
Reach {Trap Number |Depositional rate (g m™ hr'') . '

3 1 742 3.45 24.48 3.35 2.60 5.74 2.48 1.36 - 1.89
2 6.31 4.60 . 31.25 221 1.97 21.39 3.10 1.48 0.11 2.52

3 6.75 724 27.58 260 2.40 15.31 2.81 1.64 0.9 231

4 568 2.29 24.96 14,17 233 10.70 2.57 1.94 0.23 2.10

5 7.32 3.19 3534 285 182 30.74 . 3.50 2.57 013 2.53

6 7.07 5.67 28.20 2.89 2.05 26.16 038 3.69 0.12 2.40

7 3.92 1.35 12.49 1.97 112 3.75 1.33 0.56 0.08 0.86

8 . - 17.14 1,09 1.07 3.14 1.84 - - 1.21

2 9 727 2.65 26.24 1.67 - 3.47 11.00 3.02 0.44 013 1.91
10 7.41 6.31 31.40 1.08 1.82 15.85 3.36 3.39 0.08 275

1} . 7.03 391 27.69 649 - . 103 5.69 3.17 ‘415 0.24 2.85

12| 3.1 227 17.27 - 1.04 0.51 7.81 167 . 050 0.07 1.35

13 3.02 1.19 14.17 1.44 - 0.91 3.62 1.42 0.19 0.09 1.20

14 418 1.63 14.49 0.79 0.77 5.86 1.65 - 0.88 0.07 1.27

15 8.03 3.59 33.44 2.00 0.64 7.62 3.29 0.47 0.04 2.91

16 6.61 247 28.26 1.13 1.15 1.97 245 1.09 0.25 2.28

1 17 6.92 3.74 27.90 423 3.13 11.88 3.50 0.89 0.13 2.25
18 721 1.03 28.70 3.75 1.25 1422 3.44 0.85 0.03 1.87

19 6.00 - 3.56 20.97 22.39 3.42 1521 3.00 1.90 0.10 238"

20 7.28 8.11 29.12 28.34 12.78 24.58 2.61 074 008 1.19

21 367 161 - 14.19 6.34 1.82 16.06 1.74 3.02 - 0.08 1.59

22 2.63 8.72 14.81 525 417 15.49 1.68 5.06 0.11 1.22

23 ‘ : 0.07 - 1.54

24 0.15 3.17

25 0.28 2,57
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Hydrograph. 13 14 -15 16 18 26
Trap Number '
1| 226 -5.88 13.13 0.97 - -
2| 185 5.69 1147 0.68 237 -
3| 266 757 13.91 1.24 12.09 .
4| 119 173 1182 0.86 3.87 -
"5l 5.44 ' 5.96 17.43 0.71 14,89 -
6| 865 9.39 7.90 0.75 483 -
7N 122 1.84 5.45 0.63 - -
8] 290 6.68 7.02 0.93 6.35 .
9] 230 5.27 0.67 112 2.65 -
10 533 7.87 16.78 1.45 2,29 -
1| 355 5.79 13.52 1.02 4.05 -
12| 3.08 6.77 8.84 0.81 2.47 -
13| 177 2.07 - 4.63 0.17 0.73 -
14{ 207 3.83 8.12 0.52 . :
15 423 4.09 15.81 0.38 3.54 -
16| 227 3.94 12.47 0.58 175 -
17| 0.8 1.14 3.38 0.18 0.95 1.49
18 - 3.22 16.30 0.15 - .
19 6.07 2868  14.09 225 4.89 4.47
20 091 2.51 4.11 0.17 0.48 8.68
21 079 128 1.29 0.07 0.05 1.92
22| 493 15.80 8.65 1.08 0.78 9.43
23| 416 6.52 595 0.42 0.33 0.82
24| o046 1.46 2.12 0.06 0.24 10.98
25 2.03 7.35 11.38 0.31 1.35 -
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Appendix 5.1. Particle sizes (mm) for the material from each of the sieved receivers

Hydrograph | 1 : 2 : 8 10

Reach | Trap Number| D5 D16. D50 D84 D95 | D5 D16 D50 D84 D95 | DS Di6 D50 D84 D95 | D5 D16 D50 D84 D95
3 1 0.19 032 203 925 15.18]|0.09 0.19 034 082 400008 021 050 411 1034| 008 020 045 212 747
o2 021 032 086 476 953|014 025 075 324 769|019 041 212 647 .1032] 0.11 021 043 281 7.27

3 0.18 029 075 7.16 1563|0.14 025 052 595 1261016 032 1,00 362 5021010 021 039 298 823
4 017 030 106 391 6.76]0.07 019 037 045 3531013 025 059 668 15141 0.09 024 046 3.63 1063

5 025 043 200 7.37 1647|011 024 064 251 461|030 097 3.06 7.02 1063} 0.16 027 050 206 531
6 026 045 164 637 13121015 029 060 251 1897|027 055 1.71 435 6.66] 024 049 244 595 10.63
7 022 042 187 17.57 35.14)0.07 017 031 063 177009 020 038 113 269| 008 020 058 531 1330

3 - - - - 0.16 030 0.84 374 896 |0.11 024 056 223 496 - - - - -

2 9 0.18 030 119 619 1275}0.08 0.18 040 167 448 |0.10 024 078 423 23.12] 006 0.13 032 177 630
10 0.18 033 138 535 1040|015 032 1.72 922 1844|0.24 054 4.12 2663 30.68| 025 0.55 149 363 8.00

i1 0.14 027 0.67 463 1040)0.11 020 045 206 823|007 019 052 578 2335| 0.15 026 054 177 448
12 0.23 065 6.01 2625 294910.11 022 050 192 502 - - - - - 090 020 043 1225 1495

13 016 029 071 275 584 [0.08 0.17 033 084 2811015 030 149 725 1896}] 0.06 011 028 153 436

14 019 040 4.82 1990 35.14(0.09 0.18 035 080 2111010 024 149 474 8471 010 022 046 187 563

15 0.20 040 3.19 953 1696|009 020 050 251 648|011 022 066 3.78 14.12] 0.06 0.14 035 141 423
16 0.15 028 134 436 945008 017 033 080 273010 622 045 206 668 ) 007 018 037 149 1094

1 17 0.13 026 1.00 551 567|015 034 273 769 10.04]|0.15 038 251 869 18641 0.08 021 075 423 949
18 0.15 026 184 348 8001014 025 1.00 281 550 ]015 035 217 919 1493|008 024 103 224 353

19 015 030 174 7.81 12.75§0.11 020 037 09 315]015 028 066 248 628|012 026 048 1.00 258

20 0.12 025 073 490 09811024 057 289 747 10941017 034 166 645 10921 007 020 073 231 4388
21 0.15 026 1.16 18.51 28.64[0.10 0.20 058 1094 19.52{0.13 062 5.78 2247 2898| 039 2.73 16.00 27.46 30.76
22 - - - - - |021 036 106 1033 21.87|021 039 162 769 12.94| 029 053 137 3.34 1742

23 - - - - - - - - - - - - - - - - - - - -

24 - - - . - - - - - - - - - - - - - - - -

25
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26

Hydrograph | 15 18

TrapNumber| D5 -DI16 D50 D84 D85 | DS DI6 D50 D84 D953 DS Di6 D50 D84 D95
1 020 025 052 266 654 - - - - - 1015 026 048 277 7.78
2 0.14 026 051 266 663 | 0.15 025 055 353 619[024 038 126 531 945
3 020 026 049 230 7.78 | 021 031 087 368 641022 034 1.18 531 1040
4 0.15 026 050 266 -12.55| 018 026 050 3.68 978|020 029 050 200 7.78
5 027 061 279 7.57 '1027.00] 025 038 1.00 459 846 |0.23 033 0.73 248 562
6 0.18 030 0.74 441 3894 | 019 030 064 368 1147|026 049 1.72 663 1557
7 014 025 048 157 503 ] 016 025 069 582 16007018 027 044 203 645
8 0.19 030 072 257 528 | 024 035 122 519 1234] - - - - -
9 - - - - - 016 028 092 472 9193015 031 126 17.15 2039
10 025 046 236 846 1355022 040 1.15 411 706012 024 067 269 577
11 0.16 027 092 447 846 | 0.18 031 100 310 531 - - - - -
12 015 032 1.09 369 1838 | 021 036 1.44 619 8461015 027 062. 339 6.87
13 014 025 045 192 447 | 010 023 0.60 241 438 }012 022 051 339 578
14 022 037 118 435 846 {018 031 1.18 677 1472|0.15 029 0.85 669 5.03
15 - - - - - 0,18 035 218 7.11 1099]0.12 0.24 1.03 6.59 1864
16 017 031 067 192 351 [0.12 025 062 262 423 ]0.13 024 060 323 757
17 016 03¢ 070 472 945 | 0.12 032 2.08 546 28.64|0.13 035 289 978 1327
18 0.11 022 087 4.06 736 - - - - B - - - - -
19 0.20 041 339 2786 31.12°| 0.18 028 054 342 8.00]016 028 057 6.11 13.93
20 - - - - - 0.09 022 1.26 389 489031 085 293 800 14.52
21 007 016 037 127 3.63 { 007 015 047 258 38410.18 037 248 1093 1645
22 017 033 140 1493 2511 | 013 025 0.69 281 435|022 037 1.03 944 1645
23 0.19 038 208 10.34 2442 ] 008 020 067 3.10 472| - = - - - -
24 007 015 036 176 619 | 0.06 019 1.57 459 528011 020 050 3.84 1124

026 073 645 1412 ] 0.12 023 0.82 3.0f 472]020 032 092 546

25

0.12

10.93
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ANOVA results to examine if there is a difference in mfiltrated particle size

B R ———————————...
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Appendlx 5.2

based on reach for each configuratlon

Results for Hydrograph 1, Configuration L

- Sum of Degrees of Mean F Significance
_ Squares Freedom Square
Ds Between Groups  1.109*10% 2 5.544*10° 5.366 0.046
Within Groups ~ 6.200*10° - - 6 1.033*10° -
Total 1.729%107 8 | |
Dis- Between Groups  2.382*10% 2 1.191*10% 4.430 0.066
Within Groups = 1.613*107 6 2.689*10°
. Total .. 3999*107 8 N
Dsp Between Groups ~ 0.438 -2 0.219 1.151 0377
a Within Groups 1.141 6 0.190
Total 1.579 8 :
Dgy . Between Groups - - 0.368 2 0.184 0.065 . 0.938
Within Groups 16.947 6 2.824
' ~ Total 17.315 - 8 ‘
Dys  Between Groups 17.476 2 8.738 0.669 0.547
- *  Within Groups 78.373 6 13.062
Total 95.849 8 :
Resuits for Hydrograph 1, Configuration 1I.
Sumof  Degrees of Mean F Significance
Squares Freedom Square ,
Ds Between Groups 4.033*10” 2 2.017*107 3.524 0.163
Within Groups ~ 1.717%10° 3 5.722*10%
Total 5.750*10° 5 - -
D¢ Between Groups  5.400%10° 2 2.700*10° 1.038 - 0.454
Within Groups ~ 7.800*10° 3 2.600*10°
Total 1.320*10* 5
Dso Between Groups 2.008 2. 1.004 1.1108 - 0.436
- Within Groups 2.718 3 0.906
i Total 4.726 5
Dss Between Groups 3.732 2 1.866 0.239 0.801
Within Groups = - 23.461 3 7.820
Total 27.193 5 3
Dgs . Between Groups 10.513 2 5.257 0.307 0,756
' Within Groups 51312 3 17.104
Total 5

61.825
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Results for Hydrograph 1, Configuration IIL

Degrees of

Significance

Sum of Mean - F
Squares Freedom Square
Ds Between Groups 2.533*10° 2 1.267*10° 1.027 0.493
° WithinGroups  2.467%10° 2 1.233*10° -
. Total 5.000*10” 4 |
Dis  Between Groups 2.645%107 2 1.323*10° 0.389 0.720
' Within Groups ~ 6.807*10% 2  3.403*107
Total 9.452*10° 4 o
Dsp  Between Groups 6.776 2 3.388 0.438 0.695
- Within Groups 15.466 2 - 7.733 ‘
_ Total 22242 4 :
Dags Between Groups  4.075 2 2.037 0.014 0.986
: - Within Groups 295.565 .. 2 147.783
Totai 299.640 4
Dgs = Between Groups - 105.797 2 52,899 0.219 0.820
- Within Groups 483.245 2 - 241.622 '
Total 589.042 4 -
Results for Hydrograph 2, Configuration 1.
Sum of Degrees of Mean F Significance
Squares Freedom Square .
Ds  Between Groups 9.556*10™ 2 4.778%10" 0.439 0.664
Within Groups ~ 6.533*10° 6 1.089%10°
- Total 7.489*10° 8
Dijs  Between Groups 1.489*102 2 7.444*10™ 0.168. 0.849
- Within Groups ~ 2.653*10° 6 4.422*10°
Total 2.802*10% 8 | ‘
Dsy  Between Groups 1.051 2 -0.526 0.760 0.508
Within Groups 4.148 6 0.691 :
_ Total 5.200 8 |
 Dgy . Between Groups 10.430 2 5.215 0.493 0,633
' Within Groups 63.260 6 10543
Total - 73.691 8 :
Dgs Between Groups 26.941 2 13.471 0.291 0.757
- Within Groups 277.521 6 46.254 ’
Total 304.462 8
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Results_ for Hydrograph 2, Configuration II.

Degrees of

Sum of Mean F Significance
Squares Freedom Square ' :
Ds  Between Groups 1.628*10™ 2 8.142*10” 14.228 10.029
Within Groups ~ 1.717*10° 3 572210 -
Total 1,800*1072 5 |
Djs  Between Groups 0.109 2 5.462%107 57.491 0,004
Within Groups ~ 2.850*10° 3 9.500*10™ |
~ Total 0122 5
Dsp  Between Groups 5.376 2 2.688 70.332 0.003
Within Groups 0.115 3 - 3.822*10°
Total 5.491 5
Dg,  Between Groups 22,642 2 11.321 2.321 0.246
‘ Within Groups 14.635 3 4,878
Total 37.276 5
Dys  Between Groups 29.625 2 14.813 1.002 0.464
Within Groups ~ ~ 44.349 3 14.783 '
Total 73.975 5
‘Results for Hydrograph 2, Configuration III.
Sum of Degrees of Mean F - Significance
' Squares Freedom Square
Ds  Between Groups 4.933*107 2 2.467*10” 0.729 0.552
| Within Groups ~ 1.015%10° 3 3.383*10”
Total 1.508*10% S
Dis  Between Groups 1.110*10° 2 5.550*107 0.782 0.533
Within Groups ~ 2.130*107 3 7.100*10°
Total 3.240*10° 5
Dsq Between Groups 0.230 2 0.115 1.351 0.382
* Within Groups 0.256 3 8.528*10 |
Total - 0.486 5 |
Dgs  Between Groups  113.067 2 56.533 33.765 0.009
Within Groups 5.023 3 1.674 :
Total 118.090 5
Dos = Between Groups  383.975 2 191.988 19.961 0.018
Within Groups 28.854 3 9.618
Total | 412.830 5 :
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‘Results for Hydrograph 6, Configuration L

Significance

Sum of Degreesof - Mean
Squares Freedom Square
Ds Between Groups  1.647* 10* 2 8.233*107 1.500 0.296
Within Groups ~ 3.293*10°2 6 5489*10°
Total 4,940%10” 8
Djg - Between Groups 0.135 2 6.773*10% 1.200 0.364
Within Groups 0.339 6 5.642*10%
Total 0.474 8 : |
Ds;  BetweenGroups 1.156*10% 2 5.778*10 0.000 - 1.000
' Within Groups . 13.060 6 2,177 ' o
Total 13.061 8 |
Dsa Between Groups 69.001 2 34.500 0.599 . 0,579
Within Groups 345.542 6 57.590
-~ Total 414.543 8 | | o
Dys Between Groups 439,594 2 219.797 9.080 0.015
Within Groups 145.234 6 24206 o
Total 584.828 8
Results for Hydrograph 6, Configuration II., -
-Sum of Degreesof = Mean F Significance
Squares Freedom Square
'Ds  Between Groups  3.233*10° 2 1.617*10° 0.744 0.546
Within Groups ~ 6.517*10° 3 2.172*10°
Total 9.750*10° 5 |
Dis  Between Groups  1.387*107 2 6.933*10° 1.037 0.455
Within Groups ~ 2.007*107 3 6.689*107
Total 3.393*107 5
Dso Between Groups 0.934 -2 0.467 1.002 0.464
Within Groups 1.398 3 0.466
_ Total 2.333 5 : S
Dg;s  Between Groups 8915 2 4458 2,184 0.260
' Within Groups 6.123 3 2.041 -
Total 15.039 5
Dos.  Between Groups ~ 6.261 2 3.130 0.202 0.827
Within Groups 46.474 3 15.491 '
Total 5

52.735
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Results for Hydrograph 6, Configuration IIL

- Sum of Degrees of Mean F Significance
o Squares Freedom Square s
Ds Between Groups ~ 5.033*107 2 2.517*10” 1.624 0333
" Within Groups ~~ 4.650%10, 3 1.550%107 |
Total 9.683*10° 5 | -
Dis  Between Groups  9.263*10 2 4.632%10° 4783 0.117
Within Groups ~ 2.905*10 3  9.683*107 o
- Total 0.122 5
Dsy  Between Groups . 10.905 2 5452 1.887 0.295
-~ - 'Within Groups 8.669 3 2.890 :
- Total 19.574 5 _ o
- Dgs  Between Groups ~ 187.0144 2 93.572 . 2.485 0.231
Within Groups 112.979 3 37.660
_ ' Total 300.124 5 o
Dgs Between Groups 295.940 2 147.970 2384 0.240
- Within Groups 186.237 3 62.079
Total - 482.178 5
Results for Hydrograph 8, Configuration L
Sum of Degrees of Mean F Significance
Squares Freedom Square
Ds  Between Groups  8.600*10” 2 4.300%10” 0.849 0.474
Within Groups ~ 3.040*10 6 5.067*107
Total - 3.900*10* 8 | :
Dis  Between Groups  1.562*107 2 7.811*10° 0.358 0.713
Within Groups 0.131 6 2.183*10%
Total 0.147 8
Dso -~ Between Groups 0.268 2 0.134 0.230 0.801
Within Groups 3.486 6 0.581
Total 3.754 8
Dss  Between Groups 4126 . 2 2.081 0.817 0.485
Within Groups 15.276 6 2.546 :
Total = .19.439 8 . ;
Dys  Between Groups 21.237 2 10.619 1.199 0.365
Within Groups . 53.123 6 8.854
Total 74.361 8
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Results for Hydrograph 8, Configuration II,

Sum of Degrees of Mean F Significance
Squares Freedom Square '
Ds  Between Groups 1.367*10” 2 6.833*10° 3.968 0.144
Within Groups ~ 5.167*10"* 3 1.722*10*
Total 1.883%10° 5 |
Dyg Between Groups 2.733*10° 2 1.367*10° 4.731 0.118
Within Groups -~ 8.667*10™ 3 2.889*10% .
Total 3.600*10° 5
Ds,  Between Groups 9.283*102 2 4642*10%  67.380 0.003
: Within Groups - 2.067*10° 3 6.889*10™ |
. Total 9.490*107 5 .
Dgq4 Between Groups 1.708 -2 - 0.354 . 6,128 0.087
E ‘ Within Groups 0.418 3 0.139
Total 2.126 5
- Dgs”  Between Groups 6.299 2 3.150 0.410 0.696
Within Groups 23.025 3 . 7.675
Total 29.324 5
Results for Hydrograph 8, Configuration ITL
Sum of Degrees of Mean F Significance
Squares Freedom Square
Ds  Between Groups = 8.842*10% 2 4.421*10™ 22.607 0.016
Within Groups ~ 5.867*10° 3 1.956*10°
~ Total 9.428*107 5
Dis Between Groups - 2.794 2 1.397 1.727 0.317
Within Groups 23427 3 0.809
| ~ Total 5.221 5 ,
Dsg Between Groups = 90.722 2 - 45.361 1.271 0.398
Within Groups 107.037 3 35.679
Total 197.759 5 :
Dss  Between Groups 137.641 -2 68.820 0.565 0.619
Within Groups 365.147 3 121.716 .
' - Total 502.787 5 : '
Dos Between Groups 300.145 2 150.072 2.889 0.200
Within Groups 155.852 3 51.951
Total 455.0997 5 - o
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Results for Hydrograph 10, Configuration 1.

F .

Sum of Degrees of Mean Significance
: Squares Freedom - Square ' . -
Ds  BetweenGroups 3.867*10° 2 1.933*10° 1.480 - 0313
Within Groups ~ 6.533*10° 5 1.307*10° |
Total 1.040%10° 7 -
Djs  BetweenGroups 1.121*102 2 5.604*10™ 0.174 0.845
Within Groups ~ 1.607*107 5 13.213*10°
Total - 1.719*107 7.
- Dsp  Between Groups - 0.437 2 0.218 0.811 0.495
- WithinGroups 1346 -~ 5 - 0.269
. Total . 1.783 7
Dss  Between Groups 0.317 2 0.159 10.200 0.825
Within Groups 3.972 5 0.794
~ Total 4.289 7 -
- Dys  BetweenGroups  154.396 2 77.198 1.715 0.271
: Within Groups 225.109 5 45.022 ‘
Total 379.505 7
Results for Hydrograph 10, Configuration II.
Sum of Degrees of Mean F Significance
Squares Freedom Square ‘
‘Ds  Between Groups  1.054*10~ 2 5.271%10° 3.905 0.115
Within Groups ~ 5.400*10° 4 1.350*10°
Total 1.594*107 6
Dis  Between Groups 1.827*10 2 9.135*10° 0.786 0.515
Within Groups ~ 4.648*10% 4 1.162*102
Total 6.475*10% 6 _ .
Dsy  Between Groups 0.521 2 0.260 0.671 0.561
| Within Groups 1.552 4 0.388 ‘
Total 2.073 6
Ds;  Between Groups 1.869 2 0.934 0.329 0.737
Within Groups 11.345 4 2.836 '
Total 13.214 6 L :
Dys  BetweenGroups  8.516 2 4.258 0.739 0.533
Within Groups 23.038 4 5.759 .
Total 6 o

31.554°




-205 -

Results fo.r Hydrograph 10, Configuration L.

Total

Sum of Degrees of Mean F - Significance
Squares Freedom Square -
Ds  Between Groups 1.505%10™ 2 7.527*10° 3.208 0.127
' Within Groups ~ 1.173*10° 5 2.347%10° :
Total 2.679*10° 7
Dis  Between Groups 1.875%107 2 9.375*107 2.520 0.175
Within Groups ~ 1.860*107 5 3.720%10°
Total 3.735%10°% 7 _ .
Dsy  Between Groups 0.341 2 0171 .. 1.580 0.294
' WithinGroups 0540 5 ~0.108
, Total - 0.881 7 :
Dss  Between Groups .  11.393 2 - 5.696 2.467 0.180 -
Within Groups 11.546 5 2.309
Total 22.938 7 :
Dos  Between Groups  118.466 2 59.233 4.828 0.068
Within Groups 61.338 5 12.268
Total 179.804 7
Results for Hydrograph 13, Configuration 1.
Sum of Degrees of Mean F Significance
_ Squares Freedom  Square ‘ '
Ds  BetweenGroups 1.067*10” 2 5.333*10™ 0.623 0.568
Within Groups ~ 5.133*10° 6 8.556%10™
Total 6.200%10° 8
Dis  Between Groups 7.489*10° 2 3.744*10° 0.994 0.424
Within Groups: ~ 2.260*10°* 6 3.767%10°
Total 3.009*107 8
Dsy  Between Groups 0.772 2 0.386 1.002 0.421
Within Groups 2.310 6 0.385
Total 3.082 8 _
Dg;  Between Groups  60.342 2 30171 0.769 0.504
Within Groups ~ 235.460 6 39.243 -
Total 295.802 8 IR ,
Dys . Between Groups 58.772 2 29.386 . 0.488 - 0.636
- Within Groups ~ 361.449 6 60242
420.222 8 |
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Results for Hydfograph 13, Configuration IL

Sum of Degrees of Mean F Significance
' Squares Freedom Square : _ '
Ds  Between Groups 3.123*107 2 1.562%10* 72.077 . 0.003
Within Groups ~ 6.500%107 3 2.167%10"
Total 3.188*10° 5 -
Dy  Between Groups 0.144 - 2 7202*10%  418.161 0.000
Within Groups ~ 5.167*10°* 3 1.722*10°* -
Total 0.145 5
Dsy  Between Groups 4.554 2. 2277 502.296 0.000
Within Groups ~ 1.360*10? 3 4.533*10°
S Total 4.568 5
Ds:  Between Groups = 163.480 2 - 78.340 596.932 0.000
Within Groups 0.411 3 0.137 -
_ Total 163.891 5 '
Dys  Between Groups 156.680 2 78.340 36.337 0.008
Within Groups 6.468 3 2.156
Total 163.147 5
Results for Hydrograph 13, Configuration II1.
Sum of Degrees of Mean F Significance
Squares Freedom Square
Ds  Between Groups 1.496*10% I 1.496*10" 29.598 0.012
- Within Groups ~ 1.517*10° 3 5.056*10™* .
Total 1.648*10% 4 ‘
Dig  Between Groups 3.468*107 1 3.468*10% 104.040 0,002
Within Groups ~ 1.000*107 3 3.333*10° '
Total 3.568*10 4
Ds;  Between Groups 0.666 1 0.666 17.489 - 0.025
* Within Groups 0.114 3 3.808*102
Total 0.780 4 :
Dg, Between Groups 4.880 1 4,880 - 1.323 0.333
Within Groups 11.064 3 3.688 _
- Total 15.944 4 |
" Dys  Between Groups = 16.830 1 16.830 1.225 0.349
C Within Groups ~ 41.230 3 13.743
Total - 58.060 4 5
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Results for Hydrograph 15, Configuration L.

Sum of Degrees of Mean F Significance |
Squares Freedom Square ' ' 3
Ds Between Groups ~ 9.800%10 2 4.900*10” 1.771 0.249
Within Groups ~ 1.660*10™ 6 2.767*10° -
Total  2.640%107 8 5
Dis  Between Groups 1.616*10% 2 8.078*10° 1.727 0.256
Within Groups ~ 2.870*10° 6 4.678*10°
Total 4.422%10 8
Dsg Between Groups 0.293 2 0.146 1.386 0.320
Within Groups 0.634 6 0.106
- Total 0.926 8 -
Ds;  Between Groups - 1.662 2 0.831 0.201 0.823
: Within Groups . 24850 6 - 4142
' Total - 26.513 8 S o
Dgs - Between Groups 7.789 2 3.895 0.149 0.864
Within Groups ~ 156.307 6 26.051
Total 164.096 8 -
Results for Hydrograph 15, Configuration II.
Sum of Degrees of Mean F Significance
Squares Freedom Square
Ds  Between Groups 2.571*10° 2 1.285%10° 5.756 0.050
" Within Groups ~ 1.117*10° 5 12.233*10™
: Total 3.687*10° 7
Dis  Between Groups 4.350*10° 2 2.175*10° 2.266 0.199
Within Groups = 4.800*10° 5 9.600*10™ .
Total 9.150*10° 7 | |
Dsy  Between Groups 0.103 2 5.147*%107 1.242 0.365
Within Groups 0.207 5 4.145*107
‘ Total - 0.310 7 - S
Dgs  Between Groups 1,322 2 0.661 0.399 10.691
* Within Groups 8.287 5 1.657
Total 9.608 7 |
Dos  Between Groups 6.723 2 - 3.362 0.120 0.889
Within Groups ~ 139.509 5 127.902
Total 146.233 7
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Results for Hydrograph 15, Configuration 1.

Sumof = Degrees of Mean F Significance
Squares Freedom Square
Ds  Between Groups ~ 7.304*10” 2 3.652*10” 3.984 0.092
Within Groups ~ 4.583*10° 5 9.167*10™
Total 1.189%107 7 |
‘Dyg ~ Between Groups . 5.737*107 2 2.868*10% . 2465 0.180
- Within Groups ~ 5.818*10” 5 1.164*107
| Total 0.116 7
Ds; . Between Groups 2.790 2 1.395 7.905 0.028
Within Groups 0.882 5 - 0.176 . -
Total 3.672 7 | |
Ds;  Between Groups  210.946 2 105.473 3.284 0.123
Within Groups -~ 160.570 5 32.114 '
Total 371.517 7 : _
Dys  BetweenGroups  236.331 2 118.166 2.822 0.151
Within Groups . 209.367 5 41.873 |
" Total 445.699 7 |
Results for Hydrograph 18, Configuration L
Sum of Degreesof =~ Mean F Significance
| Squares -~ Freedom Square ' '
Ds  Between Groups 5.456*10” 2 2.726*10° . 0.303 0,754
| Within Groups ~ 3.598*107 4 8.995*10°
Total 4.143*107 6
Dis  Between Groups 1.643*102 2 8.214*10* 0.034 0.967
Within Groups ~ 9.750*10° 4 2.437*10%
Total 9.914*10% 6
Dso©  Between Groups © 0591 2 0.296 0.151 0.864
Within Groups 7.823 4 1.956
Total 8.414 6
- Dgy Between Groups 168.903 - 2 - 84.452 1.173 0.397
Within Groups 288.075 4 72.019
Total 456979 6 :
Dys  Between Groups ~ 129.981 2 64.991 1.022 - 0.438
Within Groups ~ 254.415 4 63.604
Total 384.396 6 -
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Results for Hydrograph 18, Configuration IL

Significance

Sum of Degrees of Mean F
Squares Freedom Square
Ds  Between Groups = 1.037*10™ 2 5.186*10” 5.459 0.072
Within Groups ~ 3.800*10° 4 9.500%10%
Total 1.417*107 6 - :
Dy  Between Groups = 8.305*10° 2 4.152*10° = 2.650 0.185
Wwithin Groups ~ 6.267*10° 4 1.567*10°
. Total 1.457*10% 6 - ,
Dsy  BetweenGroups 3.921*107 2 1.960*107 0.563 0.690
Within Groups ~ 0.139 4 3.483*10% :
. Total - 0.179 6 : .
Dss  Between Groups®  5.272 . 2 2.636 0.951 0.459
' Within Groups ~ 11.086 4 2771 -
- Total 16358 6 - - :
Dys  Between Groups  14.346 2 7173 0.761 0.525
. Within Groups +37.692 4 9423 '
Total 52.037 6 :
Results for Hydrograph 18, Configuration ITL
_ Sum of Degrees of Mean F Significance
' . . Squares Freedom Square
Ds . BetweenGroups 1.171*10° 2 5.854*10™ 0.220 0.810
Within Groups ~ 1.332*107 5 2.663+%10°
Total 1.449*107 7
Dis  BetweenGroups 1.883*107 2 9.417*10* 0.134 0.878
Within Groups ~ 3.512%10% 5 7.023*107
Total 3.700*107 7 - |
Dso Between Groups 0.580 2 0.290 0.794 0.502
- Within Groups 1.828 5 0.366
_ Total 2.408 7 _
Dg4 Between Groups 57.396 2 28.698 1.185 0.379
Within Groups 121.123 5 24.225
Total 178,519 7 '
"Dys  Between Groups 199.009 2 99.505 1.242 0.365
Within Groups .~ 400.666 5 80.133
Total 599.676 7
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: Appendlx 5.3 ~
ANOVA results to examine if there is a difference in mﬂltrated partlcle size
based on a dlfference in configuratmn. o

Results for Hydrograph 2, Reach 1.

Sumof = Degreesof . Mean - F - -Significance
I _Squares Freedom - Square _ n
Ds  Between Groups 8.567*10° 2. 4283*10° 1.858 0.299
. WithinGroups  6.917*10° 3 2.306%10° ° | |
 Total 1548*102 5 - ‘ - -
'Dsy  BetweenGroups ~~ 2.887 . . 2 1444 1396 0.373
-~ . Within Groups .~ 3.102 3 1.034 ‘ | ' '
S ~ Total - . =~ 5980 5 S I R 3
- Dgs Between Groups - - 252.048 2 - 126024 - 13851 0.031
~+ Within Groups 27297 3 - 9.099 ' _

Total 279.345

" Results for Hydrograph 2, Reach 2.

~ Sum of Degrees of Mean - F Significance
- . Squares Freedom . Square : '
Ds  Between Groups  1.376*10° 2 6.881*10" 1072 0424
" Within Groups ~ 2.567*10° 4 - 6.417*%10™ |
~ Total 3.943*10° - 6 . - |
. Dsp . Between Groups = 0.399 2 0.200 0.704 0.547
' Within Groups 1.134 4 (0.283 S
- ' Total 1.533 6 | S
Dgs = Between Groups 85.059 - 2 42.530 1.523 0.322
- Within Groups 111.672 4 27918 :
Total 196.731 6 '

Results for Hydrograph 2, Reach 3.

Sumof . Degrees of Mean - F - Significance
- : _ . Squares Freedom Square o :
Ds - Between Groups 2.708*10” 2 1.354*10% - 0.076 0.928
. Within Groups ~ 8.917*10” 5 1.783*10* : -
~ Total . 9.188*10° 7 | = ) |
"Dsg Between Groups - 0.110 2 5.503*102 0972  0.440
 Within Groups - - 0.283 5 5.663%10° |
- Total 0.393 7 ‘ R
Dys  Between Groups - 16.708 2 8.354 0197 - 0827
Within Groups - 211.756 5 42.351 :
- _

Total 228.464
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Results for Hydrograph 6, Reach 1.

Sum of Degrees of Mean - - F Significance
: Squares Freedom Square : L
Ds  BetweenGroups 6.000%10 2 3.000*10™ 0.281 0.773
Within Groups ~ 3.200%10° 3 1.067*10° -
Total 3.800%10° 5 |
Dsy  Between Groups 5.081 2 2.540 0.720 0.556
Within Groups 10.592 3 3.531
: Total 15.673 5 _ ‘
Dys Between Groups 95.324 2 47.662 0.684 ~ 0.569
Within Groups 209.093 3 69.698 :
Total 304.417 5
Results for Hydrograph 6, Reach 2,
Sum of Degrees of Mean F Significance
o Squares Freedom Square
Ds  Between Groups 1.205*10° 2 6.024*10*  0.136 0.877
B Within Groups ~ 1.777*107 4 4.442%10°
Total 1.897*107 6
Dso Between Groups 1.928 2 0.964 0.477 0.652
Within Groups 8.083 4 2.021
Total 10.011 6 - | ' |
Dys  Between Groups 379.374 2 189.687 6.806 0.052
Within Groups 111.475 4 27.869 -
Total 490.84% 6
Results for Hydrograph 6, Reach 3. -
Sum of Degrees of Mean F Significance
Squares Freedom Square '
'D;s  Between Groups  2.385%10° 2 1.193*10* 2.578 0.170
. Within Groups ~ 2.313*10% 5 4627*10°
o ~ Total 4.699*107 7 -
Dso Between Groups =~ 2.086 2 1.043 1.171 0.383
Within Groups 4.452 5 0.890
Total 6.537 7 ‘
‘Dgs  Between Groups 59.103 2 29.552 2,575 0.170
Within Groups 57.378 5 11.476
Total 116.481 7 :
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Results for HYdrdgtfaph 8,Reach 1. -

Sum of Degrees of Mean F Significance
Squares .~ Freedom Square . ' -
Ds  BetweenGroups 8.542*107 2 . 4271*107  21.120 0.017
- Within Groups ~ 6.067*10° 3 2.022*107
Total 9.148%107% 5 - -
Dsg Between Groups 87.865 .2 43,932 1.230 0.407
Within Groups 107.170 3 35.723 :
o Total 195.035 5 : '
Dgs  Between Groups  479.891 2 239.946 6.151 0.087 .
Within Groups 117.0.35 3 39.012 . :
Total 569.927 - 5
‘Resuits for Hydrograph 8 Reach 2.
~Sum of Degrees of Mean F Significance
Squares Freedom Square .
Ds  BetweenGroups 1.162%10% 2 5.808*10° 1.530 0.303
Within Groups ~ 1.898*10° 5 3.797*10° |
Total 3.060*107 7 | | | .
Dsy - Between Groups 0.309 2 0.155 0.976 0.439
- Within Groups 0.792 5 0.158
- Total 1.101 7. .
Dgs  Between Groups 6.458 2 3.229 0.169 0.849
: Within Groups 95.584 5 . 19.117 '
Total 102.042 7
Results for Hydrograph 8, Reach 3.
Sumof  Degrees of Mean F Significance
Squares Freedom ~ Square
Ds Between Groups  8.810%10° 2 4.405*10" 1,502 0.326
Within Groups ~ 1.173*107 4 2.933*10° |
| Total 2.054*10° 6 |
Dsp Between Groups 0.790 2 ©0.395 0616 . 0.584
Within Groups 2.564 4 0.641 o
: Total 3.354 6 :
- Dys  Between Groups 23.962 2 11.981 2473 0.200
: Within Groups ~ 19381 4 4,845 ‘
Total 43.343 6
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Results for Hydrograph 10, Reach 1, -

Sum of Degrees of Mean- 'F Significance
Squares Freedom Square '
Ds  BetweenGroups 5.121*10” 2 2.560%10" 2,259 0.200
Within Groups ~ 5.667*10° 5 ' 1.133*10°
Total 1.079*107 7. |
Dss -~ Between Groups 0.788 2 0.394 1.314 0.348
Within Groups 1.499 5 0.300 '
| Total 2.288 7
Dgs  Between Groups  281.641. 2 140.820 - 3.297 0122
Within Groups 213.560 5 42,712 .
Total 495.201 7 ' :
" Results for Hydrograph 10, Reach 2.
Sum of Degrees of Mean F Significance
Squares Freedom Square , -
Ds  BetweenGroups 1.754%107 2 8.771*10° 0.433 0.671
" Within Groups ~ 1.013*10% 5 2.027*107
| Total 1.189*107 7
- Dsp  Between Groups 0.189 2 9.463*10 0.293 0.758
Within Groups 1.614 5 0.323
Total 1.803 7 _
Dos = Between Groups 6.49% 2 3.249 0.192 0.831
~ Within Groups 84.650 5 16.930
Total 91.149 7
Results for Hydrograph 10, Reach 3.
Sum of Degrees of Mean F Significance
: Squares Freedom Square )
Ds  BetweenGroups 8.762*10° 2 4.381*10™ 0.223 0.810
: Within Groups ~ 7.867*10% . 4 1.967*107
|  Total ~ 8.743*10° 6 |
Ds;  Between Groups . 8.437*10% 2 4.218*10° 0.520 0.630
Within Groups 0.325 4 8.118%10% -
" Total 0.409 6 L
Dys  Between Groups 62.125 2 31.063 11.020 0.024
Within Groups 11.275 4 2.819
Total 73.400 6




Results for Hydrograph 13, Reach 1.

N |
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Total

Sumof  Degreesof = Mean F  Significance |
Squares Freedom Square
D; Between Groups  1.697*10% 2 8.483%10° 6.848 0.076
Within Groups - 3.717*10° 3 1.239*10°
Total 2.068*10 5
Dsp  Between Groups 1.923 2 - 0961 1.479 0.357
Within Groups 1.951 3 ~ 0.650
- Total 3.873 5 o , .
Dos Between Groups ~ 83.512 2 41.756 0.512 0.644
Within Groups 244.699 3 81.566 ' '
Total 328211 5 '
Results for Hydrograph 13, Reach 2.
- Sum of Degrees of Mean F Significance
Squares  Freedom Square
Ds  Between Groups 2.167*10° 2 1.083*10° 1.946 0.237
Within Groups ~ 2.783*10° 5 5.567*10™
| Total 4.950*10° 7
Dsp  Between Groups 0.447 2 0224 2536 0.174
Within Groups 0.441 5 8.813*107
Total 0.888 7
Dos Between Groups 132,455 2 66.227 2.152 0.212
Within Groups ~ 153.840 5 30.768
Total 286.294 -7
Results for Hydrograph 13, Reach 3.
- Sumof  Degrees of Mean F Significance
Squares Freedom Square
" Ds - Between Groups 0.000 1 0.000 0.000 1.000
| Within Groups ~ 8.000*10™ 4 2.000%107*
Total 8.000%10™ - 5 | . |
‘Dsg Between Groups - 2.940*10° 1 12.940*107 2.502 0.189
Within Groups ~ 4.700*107 4 1.175%10%
Total -~ 7.640*107. 5
Dys  Between Groups 2.548 1 2.548 0.961 0.383
- Within Groups 10.609 4 -.2.652
13.157 5
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Results for Hydrograph 18, Reach 1.

Sum of Degrees of Mean F Significance °
_ Squares Freedom Square o '
Ds  Between Groups 7.921*10° - 2 3.960*10™ 1892 . 0244
Within Groups ~ 1.047*10° 5 2.093*10°
Total 1.839*107 7
Dy Between Groups - 2.334 2 1.167 . 1.114 0.398
Within Groups 5239 5 - 1.048
' Total 7.574 7 _
Dys  Between Groups  177.922 2 88.961 0.781 0.507
Within Groups 569.475 5 113.895 :
Total 747.397 7
Results for Hydrograph 18, Reach 2.
Sumof  Degrees of Mean F _ Significance
Squares Freedom Square
Ds  Between Groups 1.825*10° 2 9.127*10™ 0.088 0918 |
- Within Groups ~ 3.118*107 3 1.039*107
| Total 3.300*107 5 |
Dsy  Between Groups 0.879 2 0.440 . 0.974 0.472
. Within Groups 1.354 3 0.451
_ Total 2233 5
Dgs Between Groups 24,275 2 12,138 0.315 0.751
Within Groups 115.559 3 38.520
Total 139.834 5
Results for Hydrograph 18, Reach 3,
Sum of Degrees of Mean F Significance
_ Squares Freedom Square
Ds- BetweenGroups 1.537*10° 2 7687*10° 0336 0.730
* Within Groups ~ 1.145*10° 5 2.290*107 |
Total 1.299*107 7 .
Dss  Between Groups 1.208 2 0.604 0.945 0.449
Within Groups 3.197 5 0.639 o
Total 4.406 7
Dygs Between Groups 39.404 2 19.702 12.729 0.011
Within Groups 7.739 5 1.548
Total 47.143 7 '








