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ABSTRACT

An understanding of sediment transport in estuarles ls iurportant to
enable greater control of proeesses such as slltation, dredging, and
possible poLlution. The bottom sediment contained Ln estuaries is
generally a mud and sand mLxture, and lt ls this mixture which is
entralned into the water column during periods of hlgher flow and
redeposi-ted during slack fl-ow conditions. This report covers laboratory
tests performed on a wider range of rnixed nud and sand beds. It
extends previous work to include wave erosion tests and eroslon tests on
undisturbed samples.

Laboratory tests sere carried out to investigate the consolldation of
mud beds deposlted with varying sand content and varying input rate. An
lnereased pereentage of sand increased the amount and rate of
consolidation, resulting in higher densiries. The higher input rate
produced stepped density proflles, with a layer of sand at the bottorn of
the bed. The lower input rate produced more smooth profil-es as the sand
was held within the matrlx.

Pore pressure measurements were taken for beds deposlted at the higher
input rate. Durlng the early stages of consolidation, the effeetive
stress did not appear to depend on density. Duri-ng the later stages of
consolidatlon, the effective stress increased with denslty. For a given
density,  the presence of sand decreased the effect ive stress in the bed.

Layered tests, in which a thin layer of nud/sand was deposited at the
start of each day, indicated that the presence of sand increased the
rate of consolidation. Layer thickness measurements showed that
consolldatlon had not fully occurred between subsequent layers for the
0t sand test, and that vater expulsion from lower layers lnhlbited
consolidation of the overlying layers. The 20t and 55* sand tests rrere
virtuall- consoLi.dated between subsequent layers. The high density peak
at each layer interface was greatest for the high sand content beds.

An erosion bell was used to obtain vertical shear strength profiles of
under-consolidated nud/sand nixture beds in the top 7mn. The profiles
obtained showed that shear strengths increased with both depth and sand
content,  with a range fron 0.05Nm-2 to 2.0Nm-2. Erosi-on tests in a
reversing flume on blended mud/sand mixtures and natural mixtures
indicated that the presenee of sand increased the shear stress needed
for erosion. The shear stresses were in the range 0.5Nrn-2 xo 2.2Nn-2.

The characteristics of mud erosion under lraves were investlgated in the
wave flume. Random waves of increaslng signlficant wave heights were
applied to mud beds of 0t, 20? and 40t added sand content. Innediately
after the onset of the smallest saves, the density profiles of the bed
during the tests became stepped, with a layer of hlgh densitles towards
the bottom, and lower denslties near the surface. Thls feature was more
Pronounced for the high sand eontent beds. Erosion oceurred when a
slgnifleant nave height of 0.1-2m was reached, when there was a
substantial increase in mud eoncentrations throughout the water column.
After 0.5 hours of this wave height, the measurements suggested that
equilibrium had been reached. The erosion rates increased with
decreasing sand content, from a range S 10-5kgn-2s-1 to 9 1g-51t*-2"-1
(0t sand) decreasing to a range 0.S 10-5kgm-2s-1 to 3 1O-5kgm-2s-1 (20t
and 40t added sand). The bottom orbltal velocity, U.r", calculated for
erosion ln these tests (0.13ns-1) compared wel l -  with ' ihe signi f icant
wave velociry,  Urln,  &easured in the i ietd by CoSEDS (Ref 4) (0.1-0rns-1
for  e ros ion) .
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INTRODUCTION

An understanding of sedimenc transport in

estuaries is important to enable greater control

of processes such as si l tauion, dredging, and

possible pol lut ion. The bottom sediment

contained in estuaries is generally a mud and

sand mixture, and it is chis mixture which is

entrai-ned into the water column during periods of

higher flow and redeposited during slack flow

condicions. The character ist ics of consol idat ion

and erosion of either sand or mud have been

studied separately in the laboratory by many

researchers, but little work has been undertaken

to assess these properties for combined mud and

sand mixtures. Previous wOrk was undertaken by

HR llallingford on the alluvial friction of sand-

si l t  mixtures (Ref 1).  This was done on a

predominantly sand bed with only small amounts of

riverine mud, which is appropriace to river flows

above the tidal limit. This is not wery

representat ive of most estuaries, which often

consist  of  most ly cohesiwe estuarine sediments

with some sand. Laboratory tests on mud and sand

mixtures carried out by Ockenden and Delo (Ref 2)

indicated that the erosion constant, me,

decreased even with only small (llt) percentages

of sand added to a urud bed.

This report also suggested that uhe near surface

layer of a consolidated mud and sand deposited

bed was sand free and that the density of this

Iayer inereased with the percentage of sand.

This report covers laboratory tests performed on

a wider range of mixed mud and sand beds. It

extends the previous work uo include wave erosion

tests and erosion tests on undisturbed samples.



The aim of this study is to increase

understanding of the behaviour of mud and sand

mixtures, with a view to improving the

algoriEhms used in modell ing sedirnent transport.

At present these usually assume the sediment is

compr ised of  e i ther  mud or  sand.

The programme of work was:

i )  Set t l ing and consol idat ion tests on mud and

sand mixtures, varying the sand content of a

continuous mud and sand input, over periods of

t ime representat j -ve of  t ida l  s lack water .

Measurements of the bed thickness, density

profi les and pores pressures within the beds were

made as they set t led and consol idated.  Tests

were also carried out on layered mud and sand

mixture beds.

i i )  Uni -d i rect ional  eros ion tests on mud and

sand mixture beds after different t imes of

consoli-dation to investigate the effeet of an

increasing percentage of sand on the shear

st rength of  the bed.

i i i )  Wave erosion tests on mud and sand beds,

invest igat ing the erosion character is t ies for  a

range of wave heights in a given water depth.

CONSOLIDATION TESTS

2.L  Ob j  ec t i ves

The object ive of  the consol idat ion tests

undertaken was to investigate the effect of an

increasing percentage of  sand on the deposi t ion

and subsequent consolidation of rnud beds. The



input rate r,ras varied in che tests to investigate

whether  a t rue mixture bed could be deposi ted

under cer ta in input  condi t ions.

A constant mixture of mud and sand of known

composition was punped into a settl ing column,

to s imulate,  as c losely as possib le,  the

deposition from the water column during typieal

per iods of  t ida l  s lack water .  Measurements of

bed th icknesses and densi ty  prof i les of  the bed

were taken, during both the inpuc and

consol idat ion phases.

A range of sand pereentages in the input mud

slurry were used so that the influence of sand

amount  on consol idat ion could be assessed.  Three

sets of  tests were done,  one ser ies each for

continuous slurry input over 2 and 4 hours, and

another  set  of  tests for  regular  in termi t tent

inputs which produced layered beds. For some of

the 2 hour continuous input tests pore pressure

measurements were taken during the input and

consol idat ion phases.

2.2 Descr ipt ion of  Apparatus

The tests vrere run in a 2rn high settl ing colurnn

of  92mrn internal  d iameter .  There was a por t  0.5m

above the base for the continuous input of the

mud and sand suspension. A Harwell gamma ray

transmission probe was used to measure density

prof i les of  the bed dur ing the tests.  Pore

Pressure transducers were used to measure the

diss ipat ion of  exeess pore pressure in  some of

the beds,  v ia por ts  s i tuated in  the lower

sect ion of  the column. The consol idat ion test

apparatus is described in detail in Appendix 1.



2.3 Continuous Input tests for mud/sand mixtures

2.3 . r Test  Procedure

The mud used throughout the tests was Usk estuary

mud.  A s ize grading of  th is  mater ia l  showed that

98* of  the rnud was compr ised of  s i l t  ( less than

63 rnicrons) . To prepare the rnud stock slurry,

the mud was first sieved through a 2OOp.m sieve to

remove large par t ic les,  shel ls  and debr is  which

would block the input tubing, and to ensure a

consistent  s lurry .  A stock solut ion of  l2kgm-3

Usk rnud at 20kgm-3 salt was prepared and used

throughout the tests with sand additions to

achieve the desi red percentage of  sand by weight .

The sand used was Kings Lynn 100 sand, with a

median par t ic le  s ize of  about  150pm, and 958 of

mater ia l  less than 200pm. This represented a

f ine sand sui table for  tests.

In order to achieve a constant mixture of

rnud/sand slurry entering the colurnn during the

input phase the recirculating mixing tank was

topped up at regular intervals, with the mud

slurry and sand. This was done with 2 l itres of

mud slurry and the appropriate mass of sand.

They were added frequently so that all of the

sand could not be introduced to the column at one

tirne, in the event of uneven mixing in the tank.

During the input phase, bottle samples were taken

at 30 minute intervals and analysed for mud and

sand content, so that the total mass input

entering the column could be calculated.

Pr ior  to  the tests the radioaet ive densi ty  probe

was cal ibrated for  each set t l ing column used wi th

sal ine solut ions of  known concentrat ions.  The

input pump was also calibrated for the setti-ng



required for the desired input rates. The

settling columns were cleaned and fil led with

20kgm-3 saline solution to the height of the

overf low out let .

Density profiles and bed thickness readings were

taken at half hour intervals during the input

phase, at one hour intervals for the rest of the

input day (up until about 5-7 hours after start

of  input),  and at dai ly intervals thereafter ( for

about 4 days or unt i l  the bed had consol idated).

Pore pressure measurements were taken at the same

time as the densicy prof i les for some 2 hour

input tests. The visual appearance of the beds

during their development was also noted.

The f i rst  ser ies of tests carr ied out was for

sand percentage inpucs of 0 to 50t by weight,

which was introduced into the columns ovet 2

hours with an input rate of 5.54 l i t res/hour.

Three tests for sand contents of 0,  15, and 30t

were earried out in chis series whieh included

pore pressure measurements and were tests PP1,

PP2 and PP3 respect ively.

The second series of tests was also carr ied ouE

for sand percentages of 0 to 508, but input over

4 hours at a rate of 2.77 l i t res /hour .

A summary of test names, input concentrations

and input rates is shown in Table l-.

3 .3 .2 Results

For the 2 hour inputs, with slurry pumped into

the coltrmn aL twice Lhe rate of the 4 hour

inputs, the bed was of a fluffy, loose appearance

during the input phase, and there appeared to be



a circulatory movement of mud in suspension. For

the 4 hour input tests, this feature was much

less pronounced, and the beds were more tightly

packed and with a clearer surface boundary.

It was found that for higher percentages of sand

in the beds the bed thickness settled down more

quickly for sandy beds than for mud only beds.

The in i t ia l  beds created were of  the order  230-

280mm thick after the init ial input of 2 hours or

160-230mm th ick af ter  the 4 hour input .  In  both

sets of  tests th is  consol idated to 80-100mm af ter

a few days. This was more noticeable for the 4

hour input, where che maxirnurn bed thickness at

the end of the input was lowest (160rnm) for the

higher percentage of sand. For the higher

percentages of sand the bed thickness decreased

rapid ly  dur ing the f i rs t  40 hours,  wi th l i t t le

subsequent ehange, whereas the bed with lower

percentages of sand was sti l l  changing in

th ickness afcer  th is  t ine (F ig 1) .  This

indicates thac che presence of sand increases the

rate of  eonsol idat ion in  the bed.  This is  more

obvious for the 4 hour input which allowed more

consolidation during the input phase, thus

keeping the sand more evenly distributed

throughout the bed.

Even during the input phase, for both che 2 hour

and 4 hour tests with sand, the sand appeared to

have influenced che botEom of the profi les, and

i.ncreased the density. This was most l ikely to

have been due to the presence of sand at the

bottom of the bed, and the increased

consolidation due to the mass of sand in the bed.

Figure 2 shows the development of the density

prof i les in  test  A1 (0t  sand,  2 hour  input)  and

test  El  (47t  sand,  2 hour  input) .  In  test  A1 the



bed dendity was 50-10Okgm-3 during the input

phase. After 48 hours the surface density \^ras

st i l l  around 50-100kgm-3, whi lst  the bottorn had

increased to around 300kgn-3. In comparison,

for test El the sand was noticeable even during

the input phase, and this was shown as a sEep in

the density profile towards the bottom of the

bed. During the input phase, the bottom of the

bed showed a density of around 600kgm-3, which

had increased to 1100kgm-3 after 48 hours. A

step in the density prof i le was st i l l  evi .dent,

and indicated that the sand was falling through

the bed during the 2 hour input phase. Figure 3

shows the density profiles for the corresponding

4 hour input tests, and the maximr:m bed densities

were lower ior the high percentage sand test, F;2,

than for the corresponding 2 hour input test.

The 4 hour input test did not show as pronounced

a density step near the bottorn of the bed as the

4 hour tesc, and the density gradient suggests

that the sand content was increasing towards the

bottom but was stil l held within the mud matrix.

There was little difference, however, between the

mud-only beds for the 2 and 4 hour input times,

with densities and bed development being similar

in both cases. The bottom densit ies reached

around 300kgn-3 in both tests. As time

progressed, the bottom density increased for both

mud and nud/sand mixtures (Figs 2,3>.

For the 2 hour input tests, there was little

difference in the rate of consolidation between

che 47t sand test (El-)  and the 0t sand test (A1).

The reduction in bed thickness vras approximately

the same for both tests over the time period of

24-72 hours, and this is i l lustrated in Figure 4.

However, for the corresponding 4 hour uests with

45t sand (E2) and 0t sand (A2),  the rate of



consol idat ion was faster for the E2 test bed, and

this is shown in Figure 5. For the 0t sand bed,

the bed level was st i l l  dropping after 120 hours,

but for the 458 sand bed the bed level had

largely sett led after 72 hours (Fig 5).  The

dif ference in consol idar ion eharacter ist ics

between these beds indicates that for the 2 hour

input tests, the sand is dropping through the mud

matr ix before the mud matr ix has consol idated,

leaving a compacted sandy layer and a looser mud

layer above. For the corresponding 4 hour input

tests,  the mud matr ix is sett l ing suff ic ient ly

during the input phase to hold the sand within

it, and the effect of the sand is then to

increase the rate of consolidation of the entire

b e d .

The density range wichin the bed increased with

an increase in sand percentage, wiuh maximum

densit ies at the bottom of the beds. Figure 6

shows the density profiles for the 2 hour input

tests after 2,  24, and 48 hours. The densit ies

after 2 hours ranged from 50kgm-3, at the

surface, to 100kgm-3 at Ehe bottom, for a 0t

sand bed, and 50kgrn-3 (surface) to 800kgm-3

(boctorn) for a 478 sand bed. Figure 7 shows the

density profiles after 2, 24 and 48 hours for the

4 hour input tests.  For these cests,  the

densities after 2 hours ranged fron 50kgm-3 at

the surface, to l5Okgn-3 at the bottom, for a 08

sand bed, and 50kgrn-3 (surface) to 600kgm-3

(bottorn) for a 45* sand bed.

As tirne progressed for both 2 and 4 hour input

tests,  the slope of the density prof i les

increased as the sand fell through the bed and

eonsol idat ion occurred. The 2 hour input cests

exhibi ted stepped prof i les for high sand i-nputs,



with a sudden density increase in the lower bed,

but this feature was not evident for the 4 hour

tests.  This is shown by comparison of Figures 6

and 7, where 4 hour input tesus exhibit more

sutoothly sloping density prof i les, even for high

sand pereentages, but the 2 hour tests show a

sharp increase in density with depth near the

base for sandy beds. The stepped 2 hour input

density profiles indicate that most of the sand

is at the bottorn of the bed, whereas the 4 hour

input density profiles indicate that the sand is

more evenly distributed throughout the bed. This

becomes even more prominent for the higher

percentage sand tests, and more pronounced with

t ime. The development of these density prof i les

indicated again that for the faster rate of

input,  (5.54 l i t res /hour for 2 hours),  the sand

aras not supported by the mud matrix and fell

through, whereas for the slower rate of

input , (2 .77  l i t res /hour  fo r  4  hours ) ,  the  mud

matrix had enough time to consolidate

sufficiently during settling fox the sand to have

been largely held within the mud matrix.

For the 2 hour input tests the stepped nature of

the density profile was more pronounced with high

sand percentages. This may have been due to the

facc that at smaller sand percentages the

resulting sand-rich layer was thinner and thus

not so easi ly picked up by the resolut ion of the

density probe. I t  could also be attr ibuted to

the capacity of the bed to hold the sand within

the matrix, which is exceeded at the highest

percentage sand (472) and thus sand fell through

the matrix forning a sand-rich layer at the

bottom of the bed (Fig 6).  This is shown by the

density profiles in Figure 6, where the stepped



profile is only evident for the highesc sand

percentage.

The cumulative mass plots for che beds, for 2

hours and 4 hours input periods respectively, are

shown in Figures 8 and 9. The figures shor,r that

for the slower 4 hour input (Fig 9),  the plot is

more linear, indicating that the mass was more

evenly spread throughout the bed. But for the

faster rate of input over 2 hours, the

corresponding plot is of curved nature,

indicating that there was more mass in the lower

part  of  the bed, part icular ly for increased

percentages of sand. This supports the

hypothesis for the sand sinking through the mud

matr ix in the 2 hour tests.

The pore pressure measurements for the 2 hour

input tests were analysed to yield the effeetive

stress against dry density plots for the 0, 15

and 30t sand tests.  Effect ive stress is def ined

as the total stress minus the excess pore

pressure, ie

o ' : o

where

o '  :  e f fec t i ve  s t ress

o :  total  stress

t l  :  excess pore pressure

The total shear stress at a point in the bed is

calculated from the submerged weight of material

in the bed above that point.

Figure 10 shows the

stress against t ime

tests.  For al l  the

results of the effect ive

and density for the 2 hour

tests the effect ive stress

10



during the tests was between 0 and 60Nm-2.

However, for che 0t sand test up until 24 hours

consol idat ion the slope of ef fect ive stress

against density was nearly vertical which

suggested that the effective stress was noc

dependent on density during this period. But

after 24 hours there was a change in the profile

character ist ics,  which became of s loped nature,

which indicated that ef fect ive stress did

increase with density.

Earlier work with mud only suggested that there

may be a unique relationship between effective

stress and density regardless of the

consol idat ion t ime. However,  these results with

mud/sand mlxtures show that this is not true here

particularly in the early stages of

consol idat ion.

For the 15 and 30t sand tests the effective

stress increased with density throughout the

tests and the gradient of the slope decreased

with t i rne. The highest effect ive stresses for

the tests occurred from 4 xo 24 hours and were on

average 50-60Nrn-2 in the high density region of

the bed. These results indicate that for a bed

in the later stages of consol idat ion (>48 hours)

at a given density, the presence of the sand

tends to decrease the effective stress. For

example, for a dry density of 300kgrn-3, 72 hours

consol idat ion, the effect ive stress was

approximately 45Nm-2 for 03 sand, 35Nrn-2 for 15t

sand, and 25Nm-2 for 30t sand. However, these

results are only based on these three tescs, so

further tests would be necessary to support this

trend.

1 1



It is recommended that more tests are carried out

in order to determine how the effective stress

with density relationship changes during

consol idat ion par t icu lar ly  in  the f i rs t  few

hours, both for mud beds and for combined

mud/sand beds.

Observations of the beds during the tests

revealed that ,  for  h igh percentage sand beds,

there were v is ib le near-ver t ica l  channels (of  the

order 0.25rnn thick and up to 3mm long) near the

top of  the beds,  some of  which ended in smal l

vo lcano- l ike st ructures at  the sur face.  The

bottorn of these channels appeared to open into

teardrop-shaped pockets f i l led wi th sand

(Plate 1) .  The dorne- l ike st ructures at  the

sur face were wis ib le ower the whole bed,  so i t  is

assumed that this was not just an edge effect at

the perspex column. These features were not

visible on the low pereenLage sand beds, although

there were some small gaps in the sediment mostly

of  a hor izonta l  nature (of  the order  0.25 to

0.5uun wide and 50mm long) during the input and

early consolidation phase. The vertical channels

eould indicate that the sand was dropping through

the mud matrix and leaving srnall channels which

were then used for pressure release during

further consolidation. Another explanation could

be that the sand nas accumulating into sma1l

pockets in the bed, creating pressure which was

then released up through the bed, and created the

vertical channels and the small dome-1ike

structures at the surface.

Dyer (Ref  3)  a lso repor ts  th is  "p ip ing"  ef fect

for cohesive sediment, resulting from the water

being expelled through regions of highest

t 2



perneabi l i ty  which jo in together  to form a ser ies

o f  " p i p e s " .

2. t+ Layered mud/sand consol idat ion tests

2.4 .L  Tes t  Procedure

A series of consol idat ion tests was conducted

with varying amounts of sand content in which the

beds were deposited intermit tent ly over a period

of 4 days and which resulted in layered mudr/sand

mixture beds. The muds that were used for these

tests were natural muds which had been collected

from the Usk and Mersey estuaries. The sand

contents of the muds were 0t (Usk), 20*

(Eastham, Mersey),  and 55* (Runcorn, Mersey).

A suspension of 15kgm-3 mud and 2Okgrn-3 salt was

prepared for each mud. For each mud, layers

were deposited from suspension at 24 hour

intervals at an input rate of 5.54 l i t res/hour

for 0.5 hours. The layers were deposiced on 4

consecutive days, and density profiles of the

layered beds were taken 24 hours after each input

and 7 days after the initial input. Two tests

were performed on each mud type, and the

development of the density profiles and

cumulative mass against time was plotted. The

detai ls for the tests are shown in Table 2.

2 .4 .2 Results

The development of the density profile structure

was analysed for the 0, 20 and 55t sand layered

mud beds. Figure 11 shows the density profile

development of the layered beds with time for one

of each mud type. A11 of the profiles showed

stepped density profiles corresponding to the
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layering wich a density peak at the bottom

interface of each layer. This peak may not be

solely attributed to the sand accumulation at the

bottom of a layer as it may also include the

intrusion of sand into the underlying layer and

associated compaction. Thus the high density

peak is considered more as the layer interface

reg ion .

The 558 sand mud type showed the greatest density

peak in the prof i le  s t ructure,  wi th densi t ies in

exeess of 50Okgm-3 itt this region. The

corresponding densities for the 0 and 20t sand

mud types were 300 and 40Okgn-3 respectively

(Figure 11). The maximum value of the density

interfaee region increases downward through the

bed, and increases more rapidly for the higher

sand content (maximum densities range frorn 300-

35Okgm-3 for the 0t sand to 500-770kgn-3 for the

55? sand).  This  is  probably due to the increased

consol idat ion because of  the increased weight  of

the mud matrix with the sand, and the longer

consol idat ion t ime for  the lower peaks.

The rate of consolidation for the layered bed was

also greatest for the 558 sand mud type and this

is reflected in the bed level changes with time.

After 96 hours the surface bed level was

approximately 60mn for the 55t rnud type, but rsas

approximately 1-00mm for the 0 and 20t sand

tests (F igure 11) .  F igure l -2 shows the

thicknesses of individual layers during the

tests,  for  a 08,  20* and 55t  sand content

mixture. The thickness measurements for each

layer were taken 24 hours after the input of that

layer and at 24 hour intervals thereafter. It

can be seen that, for the 0t sand, the thickness

of  layer  I  ( the f i rs t  layer  that  was deposi ted)
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is  st i l l  decreasing after layer 4 has been added,

which indicates that layer 1 is stil l

consol idat ing for the 0? sand test.  For the 55t

sand test the thickness of layer 1- has reached a

fair ly stable level af ter 48 hours, which impl ies

that this layer has nearly reached full

consol idat ion after 48 hours. This feature is

even more noticeable for later layers, where

layers 1, 2 and 3 are of very different thickness

for test A2, 0* sand, and the corresponding

layers are of nearly the same thickness for test

Cl,  55t sand. This result  impl ies that the high

content sand has a major effect on the

consol idat ion rate, which is not observed at

lower sand contents in these tests.  The

consolidation rate is faster for layers where

sand is in the bed, and this is shown to a lesser

extent in test 82.

The lower layers appear to inhibit the

consolidation of upper layers where sand is not

present in the bed (Figure L2). This is evident

in test A2 (08 sand),  where the consol idat ion of

each layer is not complete before the addition of

the next layer. The result of this is to

increase the thickness of the top layer because

water expelled from the lower layers has to pass

through this layer. This feature is not so

evident in tescs 82 (20t sand) and test Cl (55t

sand) as consolidation is more nearly complete

before the addition of the next layer (Figure

I2). Also the thickness of the layers in test C2

(55* sand) are much lower with a value of

approximately 20rnm instead of 30nm the for tests

A2 (0t sand) and test B2 (20* sand).  This result

is due to the presence of sand in the bed because

the mass of material in each layer is siurilar

( s e e  T a b l e  3 ) .
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The resul ts  of  the layered tests were a lso

analysed to yield Lhe integral mass of each

' layer '  dur ing the tests.  For  th is  analys is ,  the

layer was defined as the region between two high

density peaks which were considered as the

interface region between two layers. This

definit ion of a layer meant the integration of

mass in this region allowed for the inclusion of

sand infi ltration into the top of the layer frorn

the layer above and for some dropping out of sand

into the laver below. The mass in each layer at

each time was calculated from the density

prof i les taken throughout  the tests.  Table 3

shows the mass in each layer  for  a l l  tests.

Layer 1 is the first layer deposited and ].ayer 4

the final layer. (The mass in the bottom layer

of the column is underestimated because the

densitv at the absolute bottom cannoE be

measured.)  The cable shows that ,  in  general ,  for

all tests, the mass remains approximately equal

in each layer; there may be some mixing in the

incerface region but that there is no net

movement of sand downward through the layers.

Each layer has consolidated enough after 24 hours

to support the next layer.

I]NI -DIRECTIONAL CURRENT

EROSION TESTS

3.1  Ob jec t ives

The aim of  the uni -d i rect ional  current  eros ion

tests was to inwest igate the ef fect  of

increasing sand in the erosional  propert ies of

muddy beds. Two types of investigations were

carr ied out ;  one set  of  tests in  the long

reversing flume on placed beds; and the other
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tests by use of  a recencly developed erosion

bel l  on deposi ted beds in  set t l ing columns.

Values for the applied shear stress required for

erosion were obtained and examined to see how the

presence of sand in mud beds affected the erosion

character is t ics .

Both the methods involved the use of freshwater

as the eroding medium, so a ser ies of  tests was

run to investigate the effect of ehanging the

over ly ing water .  These tests are repor ted in

Appendix 4, and indicate that the overlying

suspensions do not significantly alter the

erosion character is t ics of  che bed.

3 .2  Co1umn e ros ion  tes t s

3.2 .L  Descr iB t ion  o f  appara tus

The apparatus used for the column erosion of

deposited beds is a ne\,r technique currently being

developed at HR Wallingford under a contract wich

ETSU. It was used on prepared rnud/sand beds in

the settling columns to calculate erosional shear

stresses. The apparatus is shown in Figure 13.

The erosi.on bell consists of an i-nverted, curved

funnel which fits inside a settling colurnn with a

srnall gap around the edges. This is positioned

just above the sediment bed. Water is drawn down

the sides of the column and up through the centre

of the bell by gravitational flow or pumping.

The funnel is shaped so that the watser flow

aeross the bottom of the funnel is larninar and

flows radially toward the funnel centre,

exerting an approximately even shear stress

across the whole of che bed. l,Iater removed

through the funnel is replaced into the column
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through a diffuser fi l led with nylon matti-ng, to

minimise the circulations in the column. An

ultrasonic probe is mounted flush with the bottom

of the funnel and is used to measure the

distance from the bottom of the funnel to the

sediment  sur face to wi th in +0.5nrn.

The erosion bel l  is  carefu l ly  lowered down.  the

set t l ing column over  a prev iously  deposi ted bed,

unti l the bottom of the funnel is approxirnately

3-Bmm from the bed.  Care is  taken not  to

dis turb the bed in the process.  The f low across

the funnel head is then gradually increased unti l

the sur faee maLer ia l  just  begins to erode.  A

measurement of bed-funnel distance is then taken

as well as a measurement of f low through the

out let  p ipe.  The readings of  the bed-funnel

d is tance and f low are used for  ca lculat ion of

appl ied shear s t ress.  The funnel  is  lowered

close to the bed so that erosi-on occurs and the

funnel-bed distance and flow are held constant

unt i l  no more bed erodes.  At  th is  point  the

shear strength of the bed is assumed equal to the

appl ied shear s t ress.  Measurements of  f low and

funnel-bed distance are taken for shear stress

calculation. This procedure is repeated unti l

the desired thickness of bed has been eroded and

appropriate measurenents taken (typieally 2 to

5run) .  The erosion bel l  can then be used to

measure erosion shear strength wertieally down

the bed, and to relate this to the density of the

bed measured previously with the ganma ray

densi ty  probe.

Vert ica l  densi ty  prof i les of  the bed can a lso be

calculated by measuring the suspended mud

concentration in the system, which contains the

bed material for each layer eroded. l"leasurements

l 8



of the concentration are made with a nephelometer

or  Paar densiometer  s i tuated in  the reservoi r ,

and are used to equate the mass of material

eroded frorn the bed. The concentration and

volume of the rnuddy water eroded for each layer,

together with the depth (hence volume) of bed

eroded, are then used to calculate the average

densi ty  of  the eroded bed.

3.2 .2  Ca lcu la t ion  o f  shear  s t ress

The erosion bel l  has been tested us ing hot  wi re

flush-mounted shear stress probes in a flume at

the Polytechnie SouCh West. These were used to

invest igate the appl ied shear s t ress exer ted on a

f ixed bed for  d i f ferent  funnel-bed d is tances and'

flows at different radii in the column.

A relationship between shear stress and hot wire

voltage was deterrnined by calibrating the hot

wire probes in a small flume with known flows and

a known pressure gradient. The shear stress

exerted on the bed by the erosion bell was then

measured by flush-mounting the calibrated shear

st ress probes in  a set t l ing column base at

different radii below the erosion devi.ce for a

f ixed bed,  no sediment .

Two different funnel heads were calibrated by the

use of the shear stress probes. A nurnber of

different f low rates and funnel-bed distances

were tesced,  wi th the probes posi t ioned at  12,

19, 25 and 3funm from the funnel centre. The 1og

of  shear s t ress was p lot ted against  the log of

the bed-funnel distance for four different f lows

for each of the four radii. The results for the

first funnel head are shown in Figure 14. The

relationship between the shear stress and the
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bed-funnel  d is tance was found to be a log-1og

dependence.  For  a f ixed bed-funnel  d is tance,  the

log of the shear stress was found to hawe a

Iinear relationship with Ehe flovr rate. The

relat ionship between the shear s t ress,  the

funnel-bed distance, and the flow was found to be

virtually the same for the four radii used for

each funnel head. The relationships deriwed for

each funnel head were of the form:

l o g r : o . Q - B . l o g ( h ) + r ( 3 .3 )

r  :  appl ied shear s t ress to the bed (Nm-2)

Q  -  f l o w  ( l i t r e s  s - 1 )

h : funnel bed distanee (mm)

d, 9, '), are eonstants which depend on the funnel

head .

The regression procedure used to obtain these

equations gave values for 12 of around 0.9 for

both funnel  heads for  f lows between 0.02 and 0.12

l i t res per  second for  head 1,  and f lows between

0 .1  and  0 .4  l i t r es  pe r  second  fo r  f unne l  head  2 .

3 . 2 . 3  T e s t  p r o c e d u r e

A stock suspension of l-1.4kgm-5 of Usk mud with a

salt concentration of 20kgrn-3 was used throughout

the tests.  A set t l ing column wi th a detachable

top sect ion \ ras f i l led wich sal ine wacer at

20kgm-3. The prepared mud slurry \ras

continuously pumped into the settl ing column at a

height  of  0.5m for  a per iod of  24 mi-nutes at  a

rate of  2.77 L i t res per  hour  to obta in a mud bed

of between 10 and 20mm thickness. Sand additions

of  0,  10,  30 and 50t  by weighc were added to the

input slurry co creace beds of varying sand

content. The mud slurry was kept thoroughly mixed
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by a mixing punp throughout the input phase to

ensure even distribution of sand. The bed was

then left to consolidate for 3 hours and a

vertical density profi le was taken with the

garuna-ray probe.

The erosion bell was then carefully introdueed

into the column and the erosion bell system was

allowed to recirculate unti l the water was well

mixed. The funnel head was at a distance that

d id not  erode the bed dur ing th is  process.

The erosion bell pump was then turned off and

the funnel head was brought down to about 8mm

frorn the bed. The flow was gradually increased,

and the funnel head carefully lowered in

mi l l imetre steps unci l  sur face erosion of  the bed

started to oceur. At this point a measurernent of

the flow and the funnel to bed distance was taken

for the calculation of the shear stress at the

sur face.

The erosion bell was then used to erode a layer

of  bed,  typ ical ly  2 to 4mm th ick,  by successively

increasing the flow and decreasing the funnel to

bed distance. lvleasurements of suspended mud

concentration in the system, visual bed height

and funnel to bed distance were Eaken every 5

minutes during this period. At the base of each

eroded layer, the conditions were kept constant

unti l the bed was no longer eroding and the total

suspended mud concentration in the closed system

had equil ibrated to a constant level.

Measurements r,rere taken of che flow and funnel

to bed distance for the calculation of shear

st ress at  th is  depth.  This procedure was

continued to obtain the shear stress at levels in
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the bed unti l the bed surface was considered too

uneven for the laminar flow condition required to

calculate Lhe shear s t ress.

The erosion bell was used with the two funnel

heads 1 and 2, to obtain shear stress prof i les

for deposited Usk mud beds with sand contents

from 0 to 50? sand. A total of L2 beds were

prepared and eroded in this manner.

3 .3 .4 Results

The resul ts  of  the erosion device shear s t ress

measurenents are shown in Figures 15a and 15b,

for erosion by funnel heads 1 and 2 respectively.

There is some variation in the rnagnitude of the

measured shear scress values between tests

performed with funnel head 1 and head 2. This is

largely considered to be due to the fact that the

tests performed with head 1 and head 2 were

carried out 6 months apart, and that the Usk mud

used for the tests may have changed during this

t ime.  However,  the resul ts  for  both tests,  when

considered separately, show trends on the

var iat ion of  shear s t ress prof i le  wi th added

sand.

The shear scress measurements qrere taken down to

a maximum depth of Trnn below the surface of the

bed. For funnel head 1 the shear stress values

measured were between about  0.1 and 0.7Nm-2,  and

for  funnel  head 2 between about  0.4 and 2.0Nm-2.

Three tests were done on a 0t sand bed with

funnel head 1 and showed a maxi-mum range of

0.3Nrn-3 in the measured shear stress values

( F i g  1 5 a ) .
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In general, there was an increase in shear

st ress wi th depth for  a l l  prof i les (F ig 15a and

15b). There was a tendency for the measurements

to be more inaccurate towards the bottom of the

profi le beeause the bed surface lras more

irregular and the assumption of laninar flow

required for  the shear s t ress calculat ion d id not

hold so wel l .  There was a lso a general  increase

in measured shear s t ress wi th increasing sand

content in the bed. It nust be noted that a

range of shear stress is expected as the mud beds

created in  these tests were not  necessar i ly

homogeneous.

3.3 Revers ing f lume tests

3 .3 .1 Descript ion of apparatus

A reversing f lume, 27m long, 600mm wide with a

maximum depth of 200mn rcas used to test mud-sand

samples .

Two types of mud bed were investigated in these

tests; boxed core samples frorn the Mersey Estuary

containing different natural sand contents, and

artif icially rnixed mud and sand beds prepared

using sieved Usk mud with sand additions.

Flow was produced by the rotation of an irnpeller

dr iven by a constant  d ischarge 0.14m3s-1 ax ia l

punp. Altering the inpeller-vane pitch caused

the f low veloc i ty  to increase or  decrease.  The

vane angle r^ras ehanged at a constant rate in

order to produce a eonstant acceleration over

given periods of t irne. Measurements were also

carried out when the flow was steady. Flows from

-1 to lms-l could be produced although flows were

only used in one d i rect ion for  these tests.
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Screens and guide vanes were placed at the

entrance to provide a uniform f1ow. Uniform flow

was conf i rmed by veloc i ty  prof i les measured at

the working section, which was 19m downstream

from the enLrance. The flume had a removable

sample box in  the work ing sect ion.  A fa lse

bot tom al lowed the sample box to be p laced below

the flurne floor with the mud sample surface flush

with the flume bed. An ultra-sonic probe was

mounted above the bed in a fixed position, and

was used to measure the height of the bed surface

during the Mersey mud tests, and thus the depch

o f  e ros ion .

3 . 3 . 2  C a l c u l a t i o n  o f  s h e a r  s t r e s s

Shear stresses were calculated from the veloci ty

prof i les, by f i rc ing a semi- logari thmie curve (to

at least the bottom part  of  each prof i le) co

calculate the shear veloci ty,  u*,  according to an

empir ical  relat ionship :

u/u* : L/k Ln(z/zo) ( 3 . 4 )

where

u :  hor izonta l  ve loc i ty  componenc ( rns-1)

u *  :  shea r  ve loc i t y  (ms -1 )

z : distanee above the bed (m)

zo : the intercept of the semi log profi le on the

height  ax is

k  :  von  Ka rman ' s  cons tan t  (0 .4 )

The  bed  shea r  s t ress ,  r ,  i s  t hen

r  :  p  v * 2  ( 3 . 5 )

where

p is  the densi ty  of  the f lu id (kgm-3) .
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3 .3 .3 Erosion of Mersey samples

Three tests v/ere run on a mud-sand mixtures from

the Mersey estuary; one test each on three

different muds, each with a different percentage

of sand (Easthan 20t sand, Runcorn 558 sand and

Egremont 90* sand). The mud was used directly

from the container in which it was collected,

moulded by hand to fit into the flume sample box

and the surface smoothed. The surface of the

sample was approximately  0.46m by 0.42m. A

propeller current meter at a fixed height above

the bed measured a reference velocity throughout

the test. An ultrasonic probe mounted abowe the

bed measured the depth of  eros i -on.

The depth of f low (150rnm) was kept constant for

a l l  exper iments.  The f low was accelerated at  a

constant rate from zero unti l erosion was

observed v isual ly  (wi th in 10-15 minutes) .  The

acceleration was stopped and the flow held

constant  for  another  15-20 minutes to assess the

ef fects of  eros ion and measure a veloc i ty

prof i le .  Veloc i ty  prof i les were measured using a

propel ler  current  meter  of  d iameter  10mm. A

vert ica l  ve loc i ty  prof i le  was p lot ted for  each

set  of  f low condi t ions.  A logar i thmic f i t  to  the

lower par t  of  each veloc i ty  prof i le  y ie lded,  for

each test ,  the values of  the shear veloc i ty  and

the corresponding value of che bed shear stress

(calculated f rom the s lope of  the l ine f i t ted to

the bot tom of  the prof i le) .  This  value of  shear

stress may be slightly higher than the actual

cr i t ica l  shear s t ress for  eros ion because dur ing

the time taken to stop the flurne from

accelerat ing,  the veloc i ty  would have st i l l

i nc reased  a  l i t t l e .
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The results of these tesEs are shown in Figure

16.  The erosion test  for  Eastham mud (20t  sand)

exhib i ted an increase in the local  bed height

pr ior  to  eros ion,  which d id not  appear to have

been so prominent for higher sand percentage

samples. The bed level rose from 0 to about 3mrn

dur ing the f i rs t  23 minutes of  the test  before

erosion started and then the level dropped

sharply ,  when erosion star ted to occur .  This

rise in bed level could be due to movement of a

sof ter  layer  on the sur face,  possib ly  wi th

entrainment of water.

The Egremont (90t sand) and the Eastham (20?

sand) samples star ted to erode at  a shear s t ress

of  around 0.9Nm-2.  This is  i l lust rated as the

appl ied shear s t ress requi red to br ing about  a

s igni f icant  reduct ion in  bed lewel .  The

Egremont (90t sand) sarnple eroded at a slower

rate (approximatel ,y  2run over  10 minutes) ,  at  the

same appl ied shear s t ress of  0.9Nrn-2,  than the

Eastham (20t sand) sample which eroded at a rate

of approxirnately 3mm over 7 minutes. This is

shown by comparison of the 908 sand and 20t sand

beds in the period between 20 and 30 minutes.

The rates of erosion for Egremont (908 sand)

sample and the Runcorn (55t sand) sample at the

end of the tests were approximately the same but

the appl ied shear s t resses were 2.24 and 1.82Nrn-2

respect ive ly .  A compar ison of  the Eastharn (20t

sand) sample and the Runcorn (55t sand) saurple at

around 30 minutes, shows that the same depth of

erosion had been achieved for applied shear

s t resses  o f  0 .9  and  1 .1Nn-2  respec t i ve l y .  These

results suggest that the higher sand contenc bed

required a h igher  appl ied shear s t ress to erode

the bed at the same rate.
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A hypothesis  for  the s l ight ly  increased erosion

depths and rates for the lower percentage sand

samples may be that che presence of the sand is

to compact the bed and to increase the density.

A higher shear stress may then need to be applied

for  eros ion to.  occur .

I t  must  be noted that  a range of  shear s t ress

values and erosion rates is expecEed as the

placed mud beds in these tests were not

necessar i ly  homogeneous.  There wi l l  be natura l

differences in the mud (different organic

concent ,  pH,  mineralogy etc)  which resulc f rom

the muds being collected from sites a long way

apart .  The d i f ferences in  eros ion shear s t rength

and erosion rate may be attributable to any of

these factors as well as the varying sand

content .

3 .3 .4 Erosion of blended rnud and sand beds

Mud and sand mixture beds were prepared by

sieving high density Usk mud and stirring in fine

sand to a smooth,  even consistency.  The mixtures

prepared were 0, 25 and 508 sand by weighc and

had average densities of 547kgrn-3, 562kgm-3, and

611kgm-3 respectively. The mud and sand pastes

of different sand content were put into a tray of

d imens ions  0 .42  x  0 .46  x  0 .05m,  wh i ch  was  then

mounted so that it was flush with the flurne

bottom. Clay was moulded around the tray edge to

ensure smooth flow over the test section. The

prepared beds were then subjected to inereasing

bot tom shear s t ress by increasing the weloc i ty  in

the flume in steps. Three tests were run on the

0? sand mixture and two tests were run on each of

the 25 and 50t  sand mixtures.  An extra test  was
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performed on the 50t  sand bed using a je t  eros ion

method to erode the bed because the shear

scresses appl ied in  the f lume were insuf f ic ient

to erode th is  bed.

The depth of f low was kept constant at 150mn for

a l l  the erosion tests.  The f low was increased

from zero in  smal l  s teps unt i l  eros ion was

observed visually on the surface of the mud/sand

bed sample. A propeller current xneter was then

used to obta in a ver t ica l  ve loc i ty  prof i le  at  the

po in t  o f  e ros ion .  A  ve r t i ca l  ve loc i cy  p ro f i l e  ac

the point  of  eros ion was p lot ted for  each

mud/sand mixture bed eroded. Logarithmic fits to

the lower par t  of  the prof i les were used to

obta in the values of  the bot tom shear veloc i ty  as

in the previous Mersey mud tests.

The resul ts  of  the erosion of  the b lended

mud/sand beds are given in Table 4. The velocity

prof i les for  representat ive 0t ,  25t  and 50t  sand

tests are g iven in F igure 17.  In  general ,  the

shear s t rength and veloc i ty  for  eros ion

increased wi th increasing sand content .  The 50t

sand beds did not erode at the maximum flows and

shear stresses obtainable in the reversing flume,

and thus the shear strength of the beds was

greater than that derived from the final velocity

prof i le .  For  test  8,  the shear s t rength for

erosion was obta ined by the use of  a water  je t

eros ion method.

There was however, some eonsiderable variation

on the erosional  shear s t resses and veloc i t ies

and this was considered attributable to slight

irregularit ies in the mud surface and localised

inhomogeneities in the rnud/sand mixture.
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WAVE EROSION TESTS

4.L  Ob jec t ives

4.2  Tes t  p rocedure

The objective of the wave erosion tests \das to

investigate the effect of an increasing

proport ion of  sand on the erosional  character  of

a mud/sand bed under waves.

Mud slurri.es containing percentages of 0, 20 and

40* by weight sand were placed in a wave flume

and subjected to increasing wave-induced shear

st resses.  This was achieved by generat ing 3 wave

conditions over the beds with increasing

signi f icant  wave height  for  t ime per iods of  1,1

and 2 hours respectively. Measurements of bed

level, suspended mud concentration, and density

profi les were taken throughout the tests. The

suspended mud concentrations were analysed to

obtain erosion rates for each half hourly period

during tests. The measurements of bed level,

eros ion rates,  densi ty  prof i les and mud

corrcentrations were analysed in order to

establish the effect of increasing sand in the

placed bed on wave erosion eharacter is t ics.

A full description of the wave flurne apparatus

is gi.ven in Appendix 3 and there is a diagram of

the apparatus in  F igure A3.1.

A slurry of Harwich mud with a density of about

400kgrn-3 mud and 20kgnn-3 salt was used as the

base mud for the tests. The mud was placed in an

8rn long,  0.3m wide and 0.07n deep t rough in a 23m

long wave flurne such that the surface of the mud

I^ras at the same level as the bottom of the flurne.

The mud bed was then subjeeted to random waves
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(JONSWAP spectrum) with significant wawe height

0 . 0 3 ,  0 . 0 6  a n d  0 . 1 2 m ,  f o r  t i m e  p e r i o d s  o f  1 ,  1 ,

and 2 hours respect ively.

Bed leve1 measurements at  0.5m intervals  a long

the test section were taken everv half hour with

an u l t rasonic probe.

Suspended mud concentrations above the bed were

taken wi th a nephelometer  at  0.5m hor izonta l  and

0.05rn ver t ica l  in tervals ,  and a lso at  seweral

points outs ide the tesc sect ion.  The

concentration measurements were used to evaluate

the total mass of rnud in suspension. These

measurements were taken before the tescs and at

half-hourly intervals during the tests. From

this data the erosion rate of mass entrained into

the overlying water was calculated.

Density profi les in Lhe niddle of the bed were

taken with a conductivity probe before Ehe test

and then every hour. These density profi les were

taken in slightly different places in the bed for

each profi le because the probe went into the bed

during the measurement and thus destroyed the bed

at chis point. However the measurements were a1l

close to the rniddle of the flume and were taken

to be representative of the niddle of the bed.

For every wave condition, water level

measurements were taken at 2m intervals along the

fltrne with pressure transducers and analysed to

obtain the wave parameters for the tests.

The nephelometer, conductivity probe, ultrasonic

probe and pressure transducers were calibrated

before the tests and the nephelometer and

conductivity probe \rere zeroed in disti l led water
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pr ior  to  each set  of  measurements.  The logging of

this data was controlled by eomputer and a 2-

dimensional vertical profi ler r,ras used to

position the instruments accurately during

measuremenE.

Three wave tests for Harwich only mud slurry were

carr ied out  in  tests A1,  A2,  A3 respect ive ly ,

using the same slurry throughout and stirring

thoroughly before each test .  Two cests were

carr ied out  for  sand addi t ions of  both 208 ( tests

81 ,  82 )  and  40?  ( t es t s  C l ,  C2 )  by  we igh t .

Some pre l iminary tests us ing the Harwel l  densi ty

probe with Harwich rnud of different densities

showed that a 600kgn-3 slurry was capable of

supporting an additional 20t or 40t sand rr/ithin

the mud matrix. At this density, the sand did

not fall significantly through the bed. The sand

mixture was prepared using Kings Lynn 1-00 sand

(the same as that used for the consolidation

t e s t s ) .

For the wave erosion tests the 36Okgm-3 mud

slurry was first mixed thoroughly and 14.4kg of

sand was evenly sprinkled onto the surface of che

mud and the bed stirred well again to obtain a

bed of 20t sand content. The sand addition

process was repeated to obcain the 408 sand bed

and mixed as before.  A second test  was

performed on each of the 20 and 40t sand beds and

the bed was mixed thoroughly before eaeh test.

Density bottle samples were taken from the bed

from both end and the rniddle to check the bed

consistency and the average density for each test

was noted. The average densities determined for

tesrs were A1 (400kgm-3)  ,  A2 (377kgm-3; ,  A3
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4,3  Resu l ts

(360kgm-3) ,  81  (43Okgm-3; ,  82  (45okgu-3) ,  c1

(452kgm-3) ,  and C2 (502kgm-3) .

Consolidation tests without waves were performed

on Harwich mud beds in tests A, B and C

conta in ing sand addi t ions of  0,  20,  and 408 sand

respect ive ly ,  and are shown in F igure 18.  The

density profi les showed that the sand was

largely held within the mud matsrix at a density

of around 60Okgm-3. There rrras a slight

var iat ion in  the s lope of  the densi ty  prof i les

as more sand was added, with the density gradient

increasing from virtually homogeneous for bed A

to an inerease of about 25kgm-3 per lOrun depth

for  bed C (403 added sand).  As t ime progressed,

the bot tom densi ty  increased s l ight ly ,

particularly for the higher percentage sand. The

bed thickness development with time did not

appear to have varied much with sand content, and

tests A, B and C showed a reduction of around

lOrnrn for  the consol idat ion per iod of  4 hours.

There was no evidence for sand rapidly dropping

through the mud matrix during these tests and the

beds placed for wave erosion tests were assumed

to be mixtures of rnud and sand. (The beds placed

for  che wave erosion tests were of  densi t ies

around 4OOkgm-3 but preliminary tests showed that

these densi t ies were a lso suf f ic ient  to  hold the

sand within the mud matrix in a similar vray.)

The density profi les of the beds during the wave

tests are shown in F igure 19.  The form of  the

density profi les were different in shape and

character to the beds which were not subjected to

wave acti-on. A reason for the non-homogeneity of

the beds at 0 hours during a test can be

32



attributed co rnud not being fully vertically

mixed dur ing st i r r ing,  and the s l ight  d isrupt ion

of the bed surface during the introduction of

overlying v,rater into the flume prior to a test.

Instrument and flume calibrations need to be done

before a test whilst the mud and water are in

place,  and these may take f rom 1 Eo 1.5 hours.

Inevitably, during this tirne the placed bed wil l

have consol idated so that  at  t ime '0  hours '  ( the

beginning of  the test )  the bed is  not  necessar i ly

homogeneous.

The most prominent feature was the layering of

the beds with sand added during the wave tests

which was not so evident for the 0t sand addition

beds and for the beds not subjected to wave

act ion.  The bed developed into two d is t inct

layers even after t hour of low wave height for

the sandy beds, the surface layer at about

200kgn-3 and the bottom layer at about 50Okgm-3.

The density step between the layers was highest

for the high sand tests with density increases at

around 420kgrn-3 ( test  Cl ,  408 sand),  360kgrn-3

( tes t  81 ,  2Ot  sand ) ,  and  lTOkgrn -3  ( t es t  A3 ,  0?

sand).  These densi ty  prof i les suggest  that  the

beds had developed a f lu id ised less dense upper

layer early on during the tests, as the layered

bed structure was evident after only I hour. The

density of the upper layer decreased by about

100kgrn-3 during the tests which was as expected

with material going into suspension during

erosion by wave act ion.  The presence of  the 2

layers during the tests indicates that the upper

bed may be being f lu id ised pr ior  to  eros ion which

is  a lso supported by the decrease in densi ty .

The bed height does not appear to have dropped

when erosion occurred (af ter  3 hours)  for  tests

81 and C1,  but  instead the bed level  seems to
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hawe risen during erosion which indicates that

the bed may have been lifted and fluidised during

e ros  i on .

The bed level changes during the tests A1 and C2

are shown in Figure 20. The x-axis is the

distance along the flurne from the spending beach.

The ultrasonic probe suffered from interference

dur ing the 'B '  tests and these tests are thus not

inc luded in the resulcs.  The net  bed levels seem

to rise slightly during the tests and there is no

net  reduct ion in  bed heighc as may be expected

dur ing erosion.  Erosion cer ta in ly  occurred

during this tine, shown by a rise in

concentration in suspens!-on. There seems to be a

rise in bed level towards the wave paddle and a

reduct ion towards che spending beach.  A possib le

explanation for this may be that the bed is

fluidising during the test and that no distinct

drop in  bed level  occurs at  the point  of  eros ion,

more that the bed surface is f irst f luidised and

then the fluidised mud is entrained into the

over ly ing water .  This  ef fect  would be most

pronounced towards the wave paddle where wave

energy has not been dissipated and thus

fluidisation and subsequent erosion is more

l ike ly  to occur .

Figures 21, 22 and 23 show the development of

mud concentrat ion in suspension for tests 43,

and Cl  respect ive ly .  A11 tests show low

coneentrations in the upper water column until

erosion started to occur when the highest wave

height  was appl ied (af ter  t ine 2 hours) .  Before

substant ia l  eros ion had occurred,  at  1.5 hours,

the concentration at 0.05rn above the bed had

r isen to about  0.25kgm-3 for  tests A3 and Cl

whilst the upper layers remained low. This was

the

B2

34



not so pronounced for test 82, but this may hawe

been because the mud-r ich lower waters were too

close to the bed to have been detected by the

nephelometer. This feature is evident again at

2.5 hours when the overal l  concentrat ions in  the

overlying waters have increased for all tests and

concentrat i -ons are h ighest  at  0.05rn height .  At

this tirne of highest applied wave height, the

concentrations are greatest for the bed with no

added sand, with concentrations exceeding lkgn-3.

Between t imes 1.5 hours (H":0.06n)  and 2.5 hours

(H":0.12m) the concentrat ions in  the whole water

column had increased for all tests and

substant ia l  eros ion had occurred.  I t  was deduced

that  eros ion of  the bed had not  occurred at  the

appl ied wave heights of  0.03 and 0.06m and that  a

s igni f icant  wave height  of  0.12m was requi red to

achieve erosion of  a l l  beds.

There was no substantial further i.ncrease in

water  concentrat ions af ter  about  0.5 hours

duration of the highest applied wave height (t ine

3 hours onwards) for the tests and it was

considered thac this was because equil ibrium had

been reached for this wave height. The highest

r^ tater  concentrat ions,  par t icu lar ly  aC 0.05m above

the bed were obtained for the lowest sand content

beds, which indicated that the presence of sand

decreased the erosion rate.  A possib le

explanation for these observations would be that

the bed is f irst f luidised and then is eroded and

mixed into the water column. The high

concentrat ions observed at  0.05m above the bed

also agree with this hypothesis because the

fluidised mud would be entrained into the lower

water column. The presence of sand within che

mud matrix may have increased the strength of the
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bed making i t  rnore res is tant  to  f lu id isat ion and

subsequent  eros ion.

Figure 24 shows the inerease in suspended mass

dur ing each hal f  hour  for  a l l  tests.  There was

litt le change in suspended mass and no

substantial erosion unti l the wave height of

0.12m had been reached.  At  th is  wave height

there r^/as a rapid inerease in suspended mass for

all beds during the first 30 minutes of this wawe

height but no further increase afterwards, and

some tests showed a decrease.  The erosion rates

calculated hal f -hour ly  dur ing the f i rs t

H "  :  0 .12m pe r i od  (2 -2 .5  hou rs )  we re  o f  an  o rde r

of magnitude greater for the 0t sand tests than

for  the 203 and 40* added sand tests,  wi th

erosion rates of  5 10-5kgm-2s-1 to

9 19-51r r -2" -1 ,  and 0 .5  10-5kgm-2" -1  ro

3 10-5kgm-2"-1 r .sp.ct ively.  During the period

3.5-4 hours however,  there was no substant ia l

change in the suspended mass and it was

considered that  equi l ibr iurn had been reached.

The total masses of mud in suspension during the

wave tests under increasing significant wave

height are given in Table 5. There is a large

increase in the tota l  suspended mass at  2.5 hours

and then the concentration levels out. This

indicated that all the erodible bed material had

gone into suspension and that no further erosion

had occurred.  The rates of  eros ion were of  an

order of rnagnitude higher for the mud-only beds

than for the beds with added sand. This

indicates that the sand inhibits erosion and

reduees the erosion rate.

In compar ison wi th these laboratory exper iments,

f ie ld measurements have been carr ied out  in

Marsden Bay by the COSEDS group (Ref  4) .

36



Measurements of beam attenuation of l ight were

taken at a height of 2m above the bed, and

velocity measurements were taken 0.32rn above the

bed. The velocity data was analysed to calculate

values of  the s igni f icant  wave veloc i ty ,  Usis .

The results indicated that a value of Ur;n

exceeding 0.10ns-1 (at  a height  0.32m above the

bed) was required for erosion and suspension of

sediment, which resulted in an increase in beam

attenuation. This compares well with the

laboratory tests for which the root mean squared

bot tom orb i ta l  ve loc i ty ,  U.* ,  was calculated by

linear wave theory. For the eroding significant

wave height  of  0.12m, U.*  was calculated to be

O .  1 3 m s - 1  .

CONCLUSIONS AND RECOU}IENDATIONS

5.1  Conc lus ions

Laboratory tests were carried out to

investigate the consolidation of rnud beds

deposited with varying sand content and varying

input rate. An increased percentage of sand

increased the amount and rate of consolidation,

result ing in higher densit ies (Figs 2 xo 9).

The higher input raue (5.54 litres/hour over 2

hours) produced stepped density prof i les, with

a layer of sand at the bottom of the bed. The

lower input rate (2.77 Iixxes/hour over 4

hours) produced more smooth profiles as the

sand was held within the matrix.

Pore pressure measrrrements were taken for beds

deposited at the higher input rate (5.54

l i t res/hour over 2 hours) (Figf0).  During the

early stages of consol idat ion, the effect iwe

3 l
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3 .

stress did not appear to depend on density.

During the later stages of consolidation, the

ef fect ive st ress increased wi th densi ty .  For  a

given density, the presence of sand decreased

the ef fect ive st ress in  the bed.

Layered tests, in which a thin layer of

mud/sand was deposited at the start of each

d"y, indicated that the presence of sand

increased the rate of consoli-dation (Figs 11

and 12). Layer thiekness measurements showed

that consolidation had not fully occurred

between subsequent layers for the 08 sand test,

and that water expulsion from lower layers

inhibited consolidation of the overlying

layers.  The 20t  and 55t  sand tests were

virtually consolidated between subsequent

layers. The high density peak at each layer

interface was greatest for the high sand

eontent beds, due to compaction of the mud

matr ix .

An erosion bel l  was used to obta in ver t ica l

shear strength profi les of under-consolidated

mud/sand mixture beds in the top 7nm (Fig 15).

The profi les obtained showed that shear

strengths increased with both depth and sand

content ,  wiLh a range f ron 0.O5Nn-2 to

2 . 0 N m - 2 .

Erosion tests in a reversing flune on blended

rnud/sand mixtures and natural mixtures

indicated that the presence of sand increased

the shear s t ress needed for  eros ion (F igs 16

and 17). The shear stresses were in the range

0 .  5Nrn -2  xo  2  . 2Nn-2 .

4 .
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5.2 Recommendat ions

6. The characteristics of mud erosion under waves

were i.nvestigated in the wave flume. Random

waves of increasing significant wave heights

of  0.03m, 0.05rn and 0.12m were appl led to mud

beds of 0t, 20t and 40t added sand content.

Immediately after the onset of the smallesL

waves, the density profi les of the bed during

the tests became stepped, with a layer of high

densities towards the bottom, and lower

densi t ies near  the sur face (F ig 19) .  This

feature was more pronounced for the high sand

concent  beds.  Erosion oceurred when a

signi f icant  wave height  of  0.12m was reached,

when there was a substantial increase in mud

concentrations throughout the water column

(Figs 2L-24>.  Af ter  0.5 hours of  th is  wave

height, the measurements suggested that

equil ibrium had been reached. The erosion

rates increased with decreasing sand content,

from a range 5 10-5kgm-2s-1 to 9 1g-51t*-2"-1

(08 sand) deereasing to a range

0.5 10-5kgp-2"-1 to 3 19-51tr -2"-1 (20t  and 40t

added sand).  The bot tom orb i ta l  ve loc i ty ,

U.* ,  ca lculated for  eros ion in  these tests

(0.13urs-1)  compared wel l  wi th che s igni f icant

wave velocity, U"gn, n€asured in the field by

COSEDS (Re f  4 )  (0 .10ms-1  fo r  e ros ion ) .

Previous work carried out by HR Wallingford (Ref 5)

showed that the behaviour of mud and sand mixtures

is dependent on locality. Many factors may affect

the behaviour of the mud eg. pH, salinity,

mineralogy, cation exchange capacity, density,

consol idat ion t ime, sand content euc. The tests in

this report were noc all carried ouc with mud from

the same location, nor neeessarily with the same
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chemical  and physical  character is t ics.  Therefore

trends which have been identified nay be due as much

to some other variable as to the sand content. It

is recommended that similar tests are performed on

mud/sand mixtures collected from one area of an

estuary where different sand contents are found.

This should eliminate many of these other variables

affecting the behaviour of the sediment and allow

for  easy compar ison of  resul ts .

In order to minimise the variables which affect mud

behaviour, many of the tests carried out have been

with beds which have been artif icially created in

the laboratory environment. This has resulted in

beds with two distinet bands of grain size (one mud,

one sand) rather than a smooth grain size

distribution. Although great care has been taken to

simulate real environmental conditions, this is not

always possible and it is recommended that further

measurements are taken in the field in order to

investigate the behaviour of mud and sand mixtures

in the natural environment.

The tests described in this report have involved the

measurement of mud concentration in suspension

during the wave tests. It is recommended that

measurements of both suspended mud and sand are made

in future, both in the field and in the laboratory

in experiments of this nature. A start has been

made by the COSEDS group using both optieal and

acoustic dewices in the field to measure the

suspended concentrations, but the same type of

development needs to be done for the measurement of

mud and sand content on the estuary bottorn (Ref 4).
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TABLES





TABLE I : Actual concentrations and

tes ts

TEST

input conditions for consolidation

A1

B1

c1

D1

E1

PPl

PP2

PP3

L2

82

C 2

D2

E2

MUD CONC.

(kg*-3)

L 2

l _ 1 . 4

LL.4

1 1  . 4

1 1 . 4

1 1  . 4

1 1 . 4

1 1 . 4

1 2

LL.4

u.4
1 1 . 4

LL.4

SAND

t

0

6

7

L4

50

0

l-s
30

0

4

9

19

45

INPUT RATE

( l i t res  h r -1 )

5 . s 4

5 .  s 4

5 . 5 4

5 . 5 4

5 . 5 4

5 . 5 4

5 . 5 4

5 . 5 4

2 . 7 7

2 . 7 7

2 . 7 7

2 . 7 1

2 . 7 7

INPUT TIME

(hours)

2

2

2

2

2

2

2

2

4

4

4

4

4



TABLE 2 :

Tes t

Test  deta i ls  for  layered bed

consol idat ion tests

t Sand Tirne of layer

input (days)

L ,2 ,3  , 4

I , 2 ,3 ,4

r , 2 ,3 ,4

1 ,2 ,3  , 4

L ,2 ,3 ,4

1 ,2  , 3  , t +

Time of density

profi les (days)

2 ,3 ,4 ,5 ,7

2 ,3 ,4 ,5 ,7

2 ,3  , 4 ,5 ,7

2 ,3  , 4 ,5  , 7

2 ,3  , 4 ,5

2 ,3 ,4 ,5

20

20

5 5

5 5

A1

A2

B1

82

C 1

C2



TABLE 3 :

Test A1

Layer

Test A2 (08 sand)

Layer

Tes t  81

Layer

(20t sand)

Mass of indiwidual- layers

consol idat ion tests.

(0t  sand)

4 0 . 4

with time for layered bed

Time (hours)

24 9 67248

Mass

3 9 . 6

3 t + . 3

Mass

4 5 . 6

3 1  . 4

Mass

4 8 . 2

4 4 . 4

4 1 . 1

t + 0 . 2

4 L . 2

35 .8

4L .2

t+2 .8

3 6 . 7

3 8 . 9

3 7 . 9

4 L . 5

of layers (kgut-z)

1

2

3

4

1

2

3

4

1

2

3

4

of layers (kgr-z)

3 5  . 8

34 .2

of layers (kgrn-z)

3 7  . 3

4 5 . 4

4 4 . 7

4 2 . 6

50 .0

4s .6

sB .1 -

42 .9

40 .2

34 .6

36 .7



TABLE 3 (continued)

Tes t  B2

Layer

(20* sand)

Tes t  C l

Layer

(55t sand)

1

2

3

4

Test  C2

Layer

(558  sand )

1

2

3

4

9 6724824

Tirne (hours)

Mass of layers (kgr-z)

4 1 .  8  3 6  . 0

4 9  . 3  3 8 . 6

3 6 . 4

Mass of layers (kgr-z)

I

2

3

4

39.s

30 .  7

28 .3

4 0 .  3

5 5 . 3

4 6 . L

5 1 . 6

3 9  . 6

38.s

t + L . 3

s3 .1

3 7  . 9

3 4 .  5

4 7  . 8

4 4 . 6

3 6 . 7

3s .5

3 8 . 7

3 9 . 4

4 4 . 2

Mass of layers (kgr-z)

34 .4  35 .1

27  . 3  33  . 8

48 .0



TABLE 4 : Results of unl-directional eroslon tests on blended mud and

sand mixture beds.

Erosion Erosion

t Sand Test Shear Strength Shear velocity

(xrn-21 (rns-t I

01

o2

03

204

205

506

507

s08

0 .3  -  0 .4

0 .7  -  1 .0

0 .9

0 .3  -  0 .8

0 . s  -  0 .6

>0 .  6

>1 .0

2 .O

0 .01_8  -  0 .021

o  . 027  -  0 .032

0 .030

0 .01_B  -  0 .028

0 .023  -  0 .025

>0 .024

>0 .032



Hs

(n)

TABLE 5: Total mass of mud ln suspenslon for wave erosion

tests under increasing slgnlficant wave height.

0 .03  0 .  s  0 .024  0 .011

Mass of mud in suspension (kg)

Time Test

(hours )

A1. A2 A3 81 82 Cl C2

0  0 .016  0 .010  0 .  10s  0 .060 0 .073  0 .  118

0 .048  0 .  l _010 .071

0 .03

0 .06

t . 0  0 .009  0 .011 0 .030  0 .034  0 .065  0 .  101

L  s  0 .038  0 .039  0 .  12s  0 .026  0 .034  0 .061  0 .  108

0 .06  2  . 0  0  . 042  0 .036  0 .  143  0 .03s  o  . 026  0  . 092  0 .092

0 .  12 2 .5  0 .41s  0 .361  0 .388  0 .095  0 .141  O . I29  0 .1_50
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APPENDIX 1

CONSOLIDATION TESTS : TEST PROCEDIIRE AND ANALYSIS

Description of apparatus

The tests are carried out in a 2 metre settling

column of 0.092n internal diarneter,  constructed of

perspex (Fig A1-.1).  At a height of  0.5m above rhe

base of the column there is a sampling port for

extracting srnall volumes of the suspension for

concentration and salinity analysis. At the same

height a steady stream of a mixed suspension is

injected into the column, which is initially full

of saline water. An outlet at l-.75m above the base

of the coh:mn is used to extract the excess clear

water above the settling bed. The suspension to be

injected is kept constantly rnixed by a

recirculating purnp. It is then extracted from the

bottom of the nixing tank by a variable speed

peristaltic pump and injected into the coltrmn.

Density profiles are obtained for the bed in che

settling column by measuring the transmission of

ernissions from a 8a133 source (havin1 a 7.5 year

half life) over a 30 second tirne period. This is

measured at 3mm, 5mm or l0nn vertical intervals

throughout the depth of the bed. The interval used

is dependent on the thickness of the bed and is

chosen to give approximately 10 readings for each

b e d .

It is asstrmed that there is no significant change

in density over the time period taken to read the

complete profile. The standard deviation of a

reading was found in a previous investigation to be

approximately t lt, which results in a dry density

with an accuracy of approxirnately t 10kgrn-3. The

vertical height of the transmission probe can be



read to the nearest 0.5mrn. The transmission probe

is calibrated regularly by measuring the count rate

in saline solutions of known density. The

calibration indicates a linear relationship over the

density range applicable in the tests of the fonn

P 6 : K 1 r + K ,

where

p6: dry density (kS*-3)

r : count rate per minute

K1, K2 :  constants

(A1 .  r )

Excess pore pressures are determined at the same

time as the density prof i les. These pressures are

measured at set distanees above the column base,

giving measurements throughout the settled bed and

overlying fluid throughout the test.

Test procedure

The input conditions for the column are chosen to

be representat.ive of eonditions at the site of

interest. Different final bed thicknesses and

resulting densiuies are obtained by changes in the

input rate and duration of input. A eonstant rate

of input over a set period of time is chosen for

each test.

At the start of the test the peristaltic punp is

switched on to allow the suspension into the column.

The speed of the punp is chosen according to the

thickness of bed required and is left runnLng for 2

or 4 hours. To prevent the suspension from mixing

upwards in the column the inlet is angled towards

the coh:mn base, thereby allowing clearer fluid to

be drawn off at the overflow outlet.



Samples of the suspension being injected by the

peristaltic purnp are taken at regular intervals

during the input phase. These are analysed for

suspended sediment concentration.

The total quantity of sediment puc into the column

during each test is estimated from the input

variables, so integrat ion of the density prof i les

indicates the distribution of mass through the

column and ehecks the total mass in the column.

Density prof i les, excess pore pressures and bed

thicknesses are recorded regularly during the first

day of the test. Subsequent readings are made at

approximaxeLy 24 hour intervals until the excess

pore pressures have dissipaced and the decrease in

bed thickness has stabi l ised.

Analysis

The results of each test are entered into a

spreadsheet in the form of density profiles with

time and pore pressures at several fixed heights

above the base with time. Analysis of the data is

as fol lows:

1. For each density profile, calculate the curnulative

mass from che top of the bed.

For each set of  pore pressure readings, use l inear

interpolation of the corresponding density profile

to calculate the ctrmulative mass above and the

density at each point of pore pressure measurement.

For each time profiles were taken, calculate the

effeetive stress at each pore pressure measurement

point frour

o ' : o - u

2 .

3 .



where

ot  :  e f fect ive st ress

o  :  t o ta l  s t ress

u :  excess pore pfessure

Total stress is calculated from the cumulative mass

above that  point .  P lot  ef fect ive st ress against

densi ty  at  that  point .
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APPENDIX 2

EROSION BY IINI-DIPJECTIONAL CIIRRENTS : TEST PROCEDIIRE

AND ATiIALYSIS

The objectives of the uni-directional current

erosion tests are to determine the shear strength of

a mud as a function of its dry density, and to

determine the rate of erosion with applied shear

s t ress .

Descript ion of apparatus

Uni-directional current erosion tests are conducted

in the HR Carousel.  The carousel f lume (Fig A2.1)

is an annular flurne, with an outer diameter of 5m, a

channel width of 0.4m and depth of 0.35n, and has a

detachable roof 0.09m thick. The fltme stands

approximately 1.1-n off the ground, supported by L2

brick pillars. The channel and the roof are

eonstructed of f ibre glass, with a 0.12m long

perspex section in the ehannel for viewing. The

roof fits into the ehannel, and floats on the fluid.

Fluid motion in the carousel flume is induced and

continued by the drag between the roof and the fluid

surface as the roof rotates.

The driving mechanisn for the roof consists of a DC

Torque motor with a drive wheel, which turns a

horizontal plate around the central spindle. The

drive arm is attached to this horizontal plate at

one end and to the roof at the other end.

A strain gauge is used to measure the force applied

to the roof of the carousel flume as it rotates. It

consists of a spring and displacement transducer

arrangement attached to the driving arm at the poinc

of contact with the roof (Fig A2.1) .  The magnitude

of the applied force is determined by the



displacernent transducer deflection, which is

displayed on a charc recorder. The strain gauge is

calibrated by applying known forces via a pulley

system.

The speed of che motor, and hence roof speed, is

controlled by a micro computer. The motor speed can

be set to an accuracy of 0.1-t of the maximum speed.

This produces a mean water velocity range in the

f lume from zero to approxirnately 0.7ns-1, with a

corresponding applied shear stress range from zero

to approxirnately 0. TNnn-2.

In the carousel flune the sanpling system consists

of cwo port holes, one on each wal1 of the f1une,

80mm above the floor. Through each of these port

holes protrudes an 'L '  shaped scainless steel

sampling tube, whieh has an internal diameter of

2mn. The outer wall sampling tube has its entrance

facing upscream and its elevation can be altered by

rotating the outer portion of this tube across a

scale corresponding to 0-100nn above the flume

f loor .

During bed erosion tests fluid is continuously

extracted fron the earousel flune by a peristaltic

purnp and passed through a constant temperature water

bath and a densiometer before being returned to the

carousel flune. The densiometer works on the

principle of detennining the frequency of a thin

vibrating glass tube through which the fluid is

punped and comparing this to the frequeney of clean

rrater pumped through a second densiometer. The

readings obtained are analysed and displayed on a

chart recorder. Bottle sanples of the fluid are

taken from time to time and analysed

gravimetrically to maintain an accurate calibration.

In this manner the suspended sediment concentration

of the fluid in the carousel flurne is measured



continuously to within a few percent. Previous

measurements by Burt and Garne (Ref A2.1) have shown

that the mean suspended solids concentracion of the

fluid in the carousel fL.rme is very close to the

suspended solids concentration at the centre of

flow, certainly less than 5* difference.

The thickness of the bed in the carousel fltrme is

measured from beneath the flune at the perspex

viewing sectlon by an ultrasonic transducer. This

instrument displays a peak in a signal which

indicates the i-nterface between the mud bed and the

overlying fLuid and enables the thickness of the bed

to be determined to within 0.1rnn. The transducer is

calibrated through a fluid with a salinity sinilar

to that in the mud bed. A movable mounting device

holds the transducer in eontact with the underside

of the perspex section and is used to position the

transducer at any point across the 0.4n width of the

fh:me. In this way it is possibl-e to obtain

profiles of the bed and determine the depth of

erosion at any time during the test.

Bed shear stress measurement

The average shear stress exerted by the fluid on the

bed has been measured and calculated in several

previous studies (Ref A2.2).  Both di f ferent roof

rotational speeds and different flow depths have

been investigated.

The first method was sinple and involved direct

measurement of the energy input to the roof through

the cal-ibrated strain gauge for a ntrmber of

different speeds of rotation of the roof.

The second and more complex way of determining the

bed shear stress was by measurement of the near bed

velocity profiles in the flume using laser doppler



anemometry. The operation of the laser is explained

in decai l  in reference A2.2. The fr ict ion veloeity

at the bed was determined fron a log-linear plot of

height above bed and tangential velocity.

Veloeities were determined at three seetions across

the width of the flurne for different speeds of

rotat ion of the roof.  The bed shear stresses were

then computed from the logarithnic portion of the

velocity-depth profiles. An average bed shear

stress across the whole width of the fltrme was

calculated for di f ferent speeds of roof rotat ion.

However, i-t must be appreciated that the eroding

fluid in an erosion test may have a high

concentration of suspended solids and wiII not

exhibit the same hydrodlmamic behaviour as the clean

Idater used in the calibration. Nevertheless, for

the concentrations of suspended solids present in

the carousel flume during an erosion test

( < 4kgn'3), it is believed that this factor would

not significantly affect the calculation of the

erosion propert ies of the mud.

Thirdly, flush mounted shear stress probes were

deployed to measure the shear stress along the base

and side walls of the flume. T'he probes used the

constant temperature hot wire anemometry technique.

Each probe consisted of two thin electrically

connected metallic strips mounted side by side on a

perspex base. The strips were heated to

approximately 30oC by an electrieal current; the

relative deflection of the connecting wire under

stress produced a variation in output voltage, which

was cal ibrated to shear stress.

In addition, the shear stress distribution along the

bed was predicted by a m:merical model which was

developed by Polytechnic South West to predict the

hydrodlmarnics in the carousel (Refs A2.3 and A2.4).



Figure A2.2 shows the bed shear stress against

rotational roof speed as measured by these various

methods for a flor.r depth of 100mn. This shows the

shear stress on the wetced perimeter as given by che

power input measured through the strain gauge, the

average bed shear stress across the width of the

fl-r:me measured by the laser vel-ocity, the average

bed shear stress across the width of the flume

measured by the shear stress probes, and the average

shear stresses predicted by the numerical mode1.

A11 methods show an increase in bed shear stress

with increasing speed of roLation of the roof, with

the shear stress probes and the nunerical nodel

showing higher stresses at the higher roof speeds

than the other two methods.

For the purpose of esti-mating the bed shear stress

during an erosi.on test the curve representing the

average shear stress as caleulated from the

numerical model is used. For a flow depth of 100nm

in the carousel this curve is described

approxinately by the relationship

t  av  :  0 .06  ( rpm)  1 'z ( A 2 . 1 )

where

tav: average shear stress across Che width of the

flurne (lln-z;

rpm : rotational speed of earousel roof

Test procedure

To prepare a mud bed in the carousel flume, the mud

is first mixed homogeneously in a mixing tank wlth a

recirculating pwnp. The suspension is then punped

into the flume from the tank until the required

depth of suspension in che flune is reached. The

roof ls lowered onto the suspension surface and the

nud in suspension is allowed to deposit and



consol idate. The period of consol idat ion is usual ly

in the range of 2-10 days and the resulting bed has

a thickness of 10-25mn. The depth of fluid above

the bed is adjusted to be close to 100mm which

corresponds to the depth of flow for which the bed

shear scress measurements were made.

An erosion test in the earousel flume comprises a

number of discrete runs during which the speed of

rotation of the roof (and hence the bed shear

stress) is held constant.  In a test there may be

between 2-5 runs each last ing 60-200 minutes. The

speed of the carousel flume is systematically

increased for each successive run.

A run commences when the concentration of suspended

solids is constant in the previous run. The speed

of rotation of the roof is increased over a period

of about 30 seconds to its new value. The

concentration of suspended solids as measured

continuously by the densiometer will at first

increase rapidly (indicating a strong erosion), then

more smoothly (urodest erosion) and finally the

concentration will remain nearly eonstant (no

erosion).  This pattern is ref lected by the readings

fron the ultrasonic transducer which is mounted on

the underside of the flume mid-way across its width.

The change in the readings is directly proportional

to the depth of erosion.

At the end of a run when erosion has stopped the

actual depths of erosion at 20run intervals across

the width of the flume are determined using the

ultrasonic transducer. The typical depth of erosion

which is normally attained at the end of the test is

about 5mm. If more nud is eroded then the high

concentrations of suspended sedirnent begin to

prevent the densiometer and ultrasonic depth

transducer from functioning correctly. Furthermore,



at the higher speeds of rotation the effects of

secondary currents are.greater and the differential

depths of erosion across the flume become more

pronounced.

Anal]rsis

The basic data obtained from a test are the

suspended solids concentration with time, the depth

of erosion at the nid-section of the flune with tine

and the depths of erosion across the fLume at the

equilibrium point in each run.

The shear strength with density relationship is

described by the discrete values, at the equilibriurn

point in each run, of the speed of rotation of the

roof, the suspended solids concentration of che

fluid and the average depth of erosion across the

flume. Using the results presented in figure h2.2

the average bed shear stress is then estimated for

the prescribed speed of rotation of each run. At

equilibrium in each run, the shear strength of the

exposed surface of the bed is equal to the applied

shear stress. Therefore, the shear strength against

depth relationship of the eroded portion of the bed

can be described by these points and expressed in a

functional forn

r "  :  f 1 ( h )

where

re : erosion shear

h : average depth

surface (n)

f1 - function

(A2 .2 )

strength of bed (Iln-z;

of erosion below original

It is also necessary to calculate

density of the mud bed with depth.

be expressed as

Ehe variation in

The density nay



P11 : (M/dh)6-1

where

p6: dry density of mud at a depth h (kgp-3)

m -  mass of  so l ids in  suspension (kg)

A :  area of  eros ion (m2)

( A 2 . 3 )

Expressing the mass of

the bed in terms of che

so l ids ,  equat ion  (A2.3)

pn - (dc/dh) (v/A)

suspended solids eroded from

concentration of suspended

can be rewritten as:

(^2 .4>

where

c : concentration of suspended solids (kgp'3)

V : voltrme of suspension (m3)

The rauio of Y/A in equat ion (A2.4) wi l l  be nearly

constant during a test and is the depch of flow, d.

By plocting the concencracion of suspended solids

against the average depth of erosion, a quadratic

function (f2) nay be approximated, giving

c  :  f2 (h) (A2.  s )

Different iat ing equat ion (A2.5) and subst i tut ing

into equation (A2.4) leads to the relationship

Pt :Ks+qh (A2 .6 )

Conbining equat ions (A2.2> and (A2.6) leads to an

expression which relates the erosion shear strength

to the density of the exposed mud, and which can be

approximated to the form

r" : K5 tr6K6 ( L2 .7 )



Intuitively, one would expect erosion to start when

the stress exerted by the flow exeeeded the shear

strength of the exposed bed and the erosion raLe to

depend on the excess shear. If the erosive power of

the stream is low not much erosion would be expected

to take place. There will be times when a burst of

turbulence slighcly higher than average hlts a

slightly weaker part of the bed eausing untypical

erosion, but for practical purposes this can be

ignored and it nay be asstrmed that there is a cut

off for erosion. The nost common representation of

e ros ion  is

dm/dc :  Arn"(r-r")  ,  for r  .7 r .

d m / d t - 0  , f o r r l r "

(A2 .8 )

where

me :  eros ion constant  (kgN- ls- l ;

'r : applied shear stress (nn-2,

This means that erosion is gradual which is not

necessarily the case for certain t1rpes of newly

formed slack water deposits. Although there is no

physical reason for assuming erosion rate to be

directly proportional to the excess shear, Delo and

Burt (Ref A2.5) showed that this is a better

variable for describing nud erosion than others. In

any event it is not critically important in tidal

conditions to know the erosion rate precisely

because the erosion process is sel f  correct ing in

the sense that if the erosion conscant (n") is too

high then too much erosion occurs ln the early

stages, but this exposes stronger bed materlal and

erosion slows down accordingly. The opposi-te

happens if n" is under-valued. The ultimate result

in any case would be erosion down to the bed level,

where the strength of the exposed material

corresponds to the maximum bed stress of the tidal



cycle or of uhe spring-neap cycle, i f  longer periods

are being considered.

A useful analysis of the erosion constant can be

nade by assuming that the shear strength of the bed

during any discharge run is proportional to the

eroded nass (Ref A2.6).  The constant of

proporti-onality for a run is given by

c : ( 1 6 - r o )  I  @ . - c o ) (A2 .  e )

where

16 ls appl ied bed stress for the run

ro is shear strength of bed at start : equilibriuur

from previous run

c" is equilibrium concentraEion at the end of run

co is initial concentration : equilibriurn

concencration at end of previous run

This does not assume that there is a linear relation

between strength of bed and overlying weight for the

cornplete bed. This overall structure is fixed by

the equilibritrm conditions at the end of each run.

It is nerely assumed that there is a linear

variation from one equllibrium state to the next and

c can vary for each run.

If it is further asstrmed that the erosion rate for

the exposed urud surface area is given by equation

(A2.8) ,  then using (A2.9) and replacing m by cV

gives

dc /d t :  Am"c(e" -c )N (A2 .1 -0 )

where V is the volume of fluid in the flume and A is

the area of erosion. This can be integrated as

(c"-c)  :  (c"-co)  exp ( -Arn"cc/V) (A2 .11 )



This solution exhibits the expected behaviour of

concentrations, tending to equilibrium values for

large times. Based on the analytic form of this

theoretical soluti.on, the carousel erosion flr:me

results for a test can be nornalised and plotted

using linear (at) (n2s-t) and logarithnlc

1 (c"-co)/(ce-c) I  axes to give a representat ive

erosion constant for the test.
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APPENDIX 3

I{AVE EROSION TESTS : TEST PROCEDURE AND ANALYSIS

The object ive of  the wave erosion tests is  to

determine a threshold bed shear s t ress for  eros ion

of mud of a known density and to calculate erosion

rates above th is  cr i t ica l  shear s t ress.  The

relat ionship between densi ty  and cr ic ica l  peak bed

shea r  s t ress  i s  a l so  o f  i n te res t .  Th i s  w i l l  ass i s t

in estimating the amount of mud eroded by wawes in

the f ie ld.

Descr ipt ion of  apparatus

The tests are carried out in a wave fluure 23rn long

and 0.3m wide,  wi th a maximum water  depth of  0.55m.

There is a trough in the floor of che flume to hold

the test  bed,  s tar t ing 9.5rn f rom the end of  the

flume with the wave paddle. The trough is 8m long,

O .3m w ide  and  0 .1m deep .  A t  each  end  o f  che  tes t

bed sect ion there is  a ra ised l ip  to prevent  mud

escaping frorn the bed as bed load transport. There

are avai lable concrete b locks of  0.03 and 0.07rn

thickness to provide a false bottom to the trough

and fi l l  the trough for ealibration purposes. A

diagran of the wave flume apparatus is shown in

F igu re  A3  .1 .

At one end of the flurne are two wave generators,

which can be set for monochromatie and random waves.

For monochromatic waves, the user controls the wave

frequency and wave height rnanually, by altering the

stroke length and frequency on the generator. The

random \.rrave generator is controlled by a micro-

computer. For random waves, the user inputs a zero

crossing per iod and a s igni f icant  wave height ;  the

Program generates a random rrave speetrum which

sat is f ies these input  condi t ions.  The wawe speccrwn



generaLed in this case is the JONSWAP spectrtun. At

the other end of the flurne there is a shingle

spending beach to absorb the wave energy and hence

minimise wave reflections back into the fltrme.

An ultrasonic probe mounted above the bed on a

computer  contro l led robot  is  used to moni tor  the

surface level of the mud bed at intervals along the

length of  the bed.  At  posi t ions throughout  the test

sect ion water  pressure t ransducers are mounted below

the water surface and the signals logged onto a

computer. The wave spectrum is deterrnined by

analys is  of  the water  pressure s ignals.

A conductivity probe is used to determine the

ver t ica l  bed densi ty  prof i le  in  s i tu .  I t  is  assumed

that the conductivity of the pore water in the mud

bed is constant and, hence, the overall conductivity

of  the mud is  a funct ion of  i ts  pore volume ie.  i ts

densi ty .  The inst rument  is  ca l ibrated us ing samples

of known dry density of the mud under investigation

and wi th sal ine solut ions of  known densi ty .  The

cal ibrat ion samples have dry densi t ies cypical ly  in

the range 5Okgm-3 to 5O0kgm-3.

A turbidity sensor is used to measure suspended

sediment eoncentrations at various depths and

positions along the flume, at t ime interval-s

throughout each test. The instrument used is an

Analite Nephelometer, which operates on the

pr ineip le of  backscat ter  of  in f ra red l ight .  The

degree of  backscat ter  is  proport ional  co the

ref lect ion coef f ic ient  and concentrat ion of

suspended sediment .

Test  procedure

A uniform slurry is made up from the collected mud

sample by di lut ion with sal ine water.  This slurry



usually has a dry density in the range 300kgm-3 -

500kgrn-3. This is then poured into the test sect ion

of the f lume.

The mud is then subjected to a pattern of waves,

either monochromatic or random waves. The wave

generating equipment is capable of generacing higher

peak bed shear s t resses wi th monochromat ic  waves.

The wave period is f ixed for the duration of the

test .  The input  parameter  of  wave height

(significanc wave height for random waves) is

changed up to four times during a !est; each wave

height  is  imposed for  one hour,  then i t  is  changed

so that  the resul t ing peak bed shear s t ress is

increased

The ver t ica l  densi ty  prof i le  of  the bed is

determined with Lhe conductivity probe before the

start of a test and at half-hourly incervals during

a test. This monitors changes in bed density caused

by consol idat ion or  wave act ion.

The bed levels at  0.5rn in tervals  a long the cesc

sect ion are measured at  the star t  o f  the test  and at

hal f -hour ly  in tervals  wi th the u l t rasonic probe.

The eoncentration of suspended sedirnent is measured

every 30 minutes. Turbidity readings are taken at

several heights in the water column at positions

along the entire length of the flume.

Analysis

The objective of the tests is to determi-ne the

cr i t ica l  bed shear s t ress at  which erosion of  the

bed commenced. For monochromatic traves, the peak

bed shear s t ress ean be calculated f rom the water

depth and wave character isEics us ing f i rs t  order

l inear  wave theory (Ref  A3.1)  such that :



7rH

U,  :  T  
" i n t t  

1Z "a7 f )  (A3 . f )

where

U* :  maximum bot tom orb i ta l  ve loc i ty  ( rns- t ,

H : wave height (m)

T :  wave per iod (s)

L : wave length (n)

d : water depth (n)

The rnagnitude of the wave length is determined

i terat ive ly  f rorn:

,2 : gk tanh (kd)

where

a  - -  2 r /T  ( s -1 )

g :  accelerat ion due to grav i ty  (ms-z;

k  :  2n /L  (m-1 )

(A3 .2 )

The peak bed shear s t ress is  est imated us ing the

fo l lowing re lat ionship :

r , n : 0 . 5  p r f r u r 2  ( A 3 . 3 )

vrhere

r,n : peak bed shear stress (Nrn-2,

p, : fluid density (kgtn-3)

f, : wave friction factor

Um : maxi-mum bottom orbi tal  veloeity (rn"-1)

The wave friction faetor is dependent upon the wave

reynolds number and the relative roughness (Ref

A 3 . 2 )  .

For random waves, the surface elevati-on spectrum

generated is the JONSI^IAP speetrum:

s  ( f  )  :  t +  . 7 3 2  1 0 - 4 e x p  ( - L . 2 5  f r a  f - a )  f  
- s  

3  .  3 *  ( A 3  . 4 )



wirh

x  -  e x p ( - ( f  f r - 1  -  1 ) 2  y - 1 )

y : 0 . o L 6 2  i f  f  >  f m

:  0 . 0 0 9 8  i f  f  <  f m

where

f : frequency of ordinate

f* : frequency at which spectral peak occurs

:  O . 8 7 T z - 1  o r  :  O . 2 1 7 H s - o ' 5

T,  :  mean zero erossing per iod (seconds)

H" : significant wave height (m)

S(f )  :  va lue of  spectra l  ord inate at  f requency f

I,t lhere both T. and H. are input, T. is used as the

defining value and the spectrum magnitude is defined

wi th an impl ied gain.  The near-bot tom veloc i ty

cannot now be deseribed by a single U* and is

usually described by the standard deviation, U"r",

of  the t ime-ser ies of  instantaneous veloc i t ies.

U.* can be approximated as a function of H" and T.

( R e f  A 3 . 1 )  :

UrmsTn, /Hs  :  0 .25 /  (1  +  a t2 ;3

where

A  :  ( 6 5 0 0  +  ( 0 . 5 6  +  1 5 . 5 4 t 7 6  1 1 r o

t : T n / T z

rn :  (d, /C)o's scal ing period

d:  water  depth

I : acceleration due to gravity

( A 3 . 5 )

This fits the JONSWAP curve to an accuracy of better

than 1* in  the range 0 < c < 0.55.  For  equivalent

rnonochromatic waves and random waves with the same

var iance of  bot tom orb i ta l  ve loc i t ies

um : 
"/2 

urms ( A 3 . 6 )



The bed shear s t ress can therefore be calculated

according to equat ion A3.3,  us ing . /2  Urr"  in  p lace

of  U* y ie ld ing a representat ive bed shear s t ress

for the wave spectrum. The equations used to

calculate a representat ive bed shear s t ress f rom the

bot tom orb i ta l  ve loc i ty  are g iven in Table A3.1.

The tota l  mass of  mud eroded per  uni t  area of  bed is

calculated by two methods for each half hour time

interval .  F i rs t ly ,  the d i f ference in bed levels at

suecessive t ime intervals  is  ca lculated,  g iwing a

depth of  eros ion.  An a l lowance is  made for

consol idat ion,  i f  th is  has occurred.  Mul t ip ly ing

the depth of erosion by the bed density giwes the

mass eroded per  uni t  area of  bed sur face.  Secondly,

the suspended concentrations at intervals throughout

the flurne are integrated to give the total mass in

suspension for  each set  of  readings.  The tota l  mass

in suspension is  normal ised to g ive mass eroded per

uni t  area of  bed sur face.

An erosion constant may be found from a relacionship

between the exeess bed shear s t ress and the rate of

entrainment, which is given by:

dn /d t  :  r ew  ( r sn - r6 " )  (A3 .7 )

vrhere

drr . /d t  :  rate of  eros ion (kgm-2s-1)

[ew :  eros ion constant  under waves (kgt l - l t - t ;

rbrn :  bed shear s t ress ( I lm-2,

rbe :  cr i t ica l  bed shear s t ress (Nn-z)
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TABLE A3. l -  Equat ions used in ealculat ion of  bed shear s t ress f rom
bot tom orb i ta l  ve loc i ty

Input parameters

Urr"  Root-mean-square bed orb i ta l  ve loc i ty  for  random waves (*s-1)
Tz  Mean  ze ro  c ross ing  pe r i od  ( s )
v  Y i scos i t y  o f  f l u i d  (m2s -1 ;
p Densi ty  of  f lu id (kgr-3)
ks Nikuradse equivalent grain roughness (m)

Calculated parameters

Um Orbi ta l  ve loc i ty  for  equivalent  monochromat ic  wave (*r -1)
A  Semi -o rb i t a l  excu rs ion  l eng th  (m)
Rr{ Wave Reynolds number
r  Relat ive roughness (a/ks)
Fs Smooth f r ic t ion factor
Fr  Rough f r ic t ion factor
Fr{ Wave friction factor
r Representative bed shear stress for random wave spectrum(Nm-2)

Equations used

um : 
"/2 

urms

r : 0 . 5 p F r U * z

A : U r T . / 2 r

R r : U r A / '

F"  :  2  \ -o ' t

F r : 0 . 0 5 2 L  \ - 0 ' 1 8 7

F r : 0 ' 3

if Rw < 5 105 Laminar

if Rw > 5 105 Smooth turbulent

i f  r  <  1 . 5 7 Rough turbulent

Rough turbulentF "  :  0 . 0 0 2 5 1  e x p ( 5  . 2 1  t - 0 - 1 e 1  i f  r  >  1 . 5 7

F*  :  max(Fs ,Fr )
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Fig A3.1 The wave flume





APPENDIX 4

INVESTIGATION INTO THE VARIATION IN BED SHEAR

STRENGTH IIITH DIFFERENT OVERLYING IIATER TYPES.

Backeround

In some laboratory equiprnent it is necessary or

desirable to use fresh water as the eroding medium.

As this does not simulate the natural situation, a

short investigation was carried out to investigate

the effect of the eroding medium on the shear

strength of the mud sample.

Test Proeedure

Three different water mediums were used in the

carousel to deposit  and erode beds, start ing from

the snme sample of mud.

A descr ipt ion of  the carousel  apparatus,  test

procedure and calculation of shear stress are given

in Appendix 2-

The three water types used were original seawater,

eollected from the same site as the mud

(15.5kgm-3 sal t ) ,  ar t i f ic ia l  seawater  made f rom

NaCl(s)  and tap water  (26.Okgrn-3 sal t ) ,  and

freshwater  (3.7kgrn-3 sal t ) .  The f reshwater

contained some saline pore water from the mud. In

each test the init ial depth of the mud suspension

was 1l0mm, and the beds roere allowed to settle for a

per iod of  2.7 days pr ior  to  eros ion.  Af ter  th is

per iod of  set t l ing,  the carousel  roof  speed was

rotated,  increasing the rotat ion speed in s tePs,  and

therefore applying an increasing shear stress on the

sur face of  the deposi ted bed.  The same steps of

shear s t ress were appl ied in  each test .



The shear stress was held constant at each step

until no further erosion was observed. At this

t ime,  the shear s t rength of  the bed was.assumed to

be equal to the shear stress applied by the

overlying flow. The suspended solids

concentration, measured at a point in the middle of

the carousel channel, was continuously recorded on a

chart  recorder .

The appl ied shear s t ress at  the onset  of  eros ion

was calculated from a numerical model of shear

st resses in  the carousel ,  recent ly  developed at  the

Polytechnic South l iest  (Ref  A4.1) .  This  indicated

that the shear stress in the carousel can be related

to the roof  rotat ional  speed ( rpm) as a power law.

This law varied for different depths of f low and for

the posi t ion across the width of  the f lume.

The mean densities of the layers of eroded mud were

calculated from the ultrasonic probe measurements of

bed thickness and the increase in suspended solids

eoncentration after each increase in applied shear

st ress.  The densi t ies were calculated f rom the

volume of material lost frorn the bed and the mass of

material which eaused an increase in the overlying

water concentration. For each overlying water type,

values of erosional shear strength of bed and dry

density were calculated for each applied shear

s t r e s s .

Resul ts

The erosion shear strength of the bed has been

plotted against dry density for each of the

di f ferent  eroding f lu ids (F iS A/+.1) .  The f igure

shows error bars for the measurements of density

and erosional shear strength (t20t for density and

+10? for  the shear s t rengch).  I t  can be seen that



A 4 .  1

the variation in erosion shear strength with

densi ty  l ies wi th in the error  bars.  On compar ison

with other experiments performed on muds from the

same site and with identical water mediums, the

var iat ion in  these resul ts  is  not  s igni f icant .  The

resul ts  of  these tests suggest  that  the erosional

shear strength with density relationship is not

affected by the water medium of the overlying

suspension.

This investigation is l irnited co beds which were

mixed with water and deposited from suspension.

Therefore, the pore water in the bed was the same as

the overlying water. This would not necessarily be

the case where an undisturbed sample is brought into

the laboratory to be tested. However, these results

suggest that the effect would be within the natural

var iabi l i ty  expected f rom the erosion tests.
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