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SI]MMARY

A few years ago IIR carried out a study to determine the optioum layout of a
najor  por t  enlargement  and redevelopment  pro ject .  Inc luded in the terms of
reference were the determinat ion of  the s i l ta t ion meehanism for  the ex is t ing
port  and the predict ion of  s i l ta t ion rates and dredging requi rements for  the
redeveloped por t  and of fshore approach channel .  A najor  f ie ld exerc ise r {as
mounted to establ ish t ida l  movements,  sa l in i ty ,  suspended 1oad,  r iver
d ischarge,  wind and r , rave act iv i ty  under a l l  seasonal  condi t ions.  These
data,  together  wi th dredging records,  a ser ies of  hydrographic survey char ts
cover ing many years and addi t ional  observat ions f rom a physical  model  were
used to invest igate the s i l ta t ion mechanism. Resul ts  f rom the f ie ld
demonstrated that  nei ther  f luv ia l  nor  nar ine sedlments fu l1y suspended in
the f lor^ t  could account  for  the scale of  s i l ta t ion exper ieneed at  r ivers ide
berths and in the t ida l  basin.

I t  was observed f ron f le ld records that  when moderate wave act iv i ty
occurred,  near-bed suspended loads increased.  A laboratory f lume study was
carr ied out  on 1oeal  rnud and i t  was found that  under cer ta ln wave condl t ions
a h ighly-concentrated,  turb id layer  developed Just  above the bed.  r t  was
fur ther  establ ished that  th is  layer  was capable of  being t ransported by
re lat ive ly  weak t ida l  currents.  Using loca1 wlnd records,  h indcasts were
nade to determine the height ,  pc i r iod and f requency of  occurrence of  waves
capable of generating a turbid layer. The movement of the layer was
determined f ron t ida l  f low path data.  The resul ts  demonstrated that
s i l ta t ion on the scale that  occurred in  the por t  could be expla ined by the
existence of  such a turb id layer  but  no f ie ld equipment  was avai lable to
conf i rm or  refute the hypothesis .

To monitor the movement of a near-bed turbid layer it is necessary to know
the th ickness,  densi ty ,  speed and d i rect ion of  movement wi th in prec ise
l imi ts .  I t  is  a lso desi rable to know how the layer  moves in re lat ion to the
Isater column above. To meet these requirements, an instrument has been
developed at  I IR.  I t  was tested in  the t ida l  reaches of  the Br is to l  River
Avon and resul ts  f ron the study have establ ished the ex is tence of  such a
turb id layer  and indicated that  i ts  d i rect ion of  f low is  dependent  on other
factors in  addi t ion to water  Dovement in  the coh.mn above.





IIIIRODUGTION

In 1980 Hydraulics Research (IlR) produced the final

repor t  (Ref  1)  on hydraul ic  s tudies for  a najor  por t

development  pro ject  located in  a nuddy estuary.  The

studies were p lanned on the in format ion avai lable at

the t ime,  the main object ives being to expla in the

prevai l ing mechanism of  s i l ta t ion and to predict

future s i l ta t ion fo l lowlng var ious stages of  por t

development.

Ex i s t i ng  da ta  i ne luded  va r i ous  repo r t s ,  ea r l i e r

surveys,  dredging records,  some t idal  levels  and

observat ions on loeal  condi t ions by por t  personnel .  A

point  f requent ly  made was that  a l though a par t icu lar

reach of the port approach channel experienced

si l ta t ion throughout  the year ,  depth deter iorat ion

became more rapid in the short, riret season when rlver

f low increased.  I t  was in ferred f rou th is  that  f ine

sediuents suspended in the flow and transported down

the r iver  prov ided the main deposi t ion mater ia l ,

perhaps supplenented by some mud carried in from

offshore banks adjacent to the approach channel

fo l lowing per iods of  h igh wave act iv i ty .

Wi th these considerat ions in  n ind,  HR designed a study

prograume which included:

(a)  cont inuous moni tor ing of  f low and suspended

sediment  in  r iver  and exis t ing harbour basin

to determine the d ischarge of  f luv ia l

sediment  under the range of  r iver  f lows

exper ienced throughout  the year ;

(b) laboratory experiments to

erosional and deposit ional

1ocal mud under the act ion

i nves t i ga te  t he

behaviour  of  the

o f  cu r ren ts ;

(c)  f ie ld measurements to establ ish the extent

to which mud on the offshore banks flanking

the approach channel was l ikely to be



st i rred by waves into suspension in the

layers between the water surface and t.he

lowest measuring point 0.15n above the

seabed.

Analys is  of  these resul ts  produced some surpr ises.  In

the f i rs t  p lace,  cont inuous measurement  of  suspended

si l t  in  the r iver  establ ished that  the annual

contr ibut ion of  sediment  f rom th is  source to approach

channel shoaling could account for only about L7% of

the tota l  quant i ty  of  mater ia l  that  has to be dredged

to mainta in ex is t ing channel  depths.

Secondly,  the measurements of  suspended sol ids

concentration nade in the t. idal basin demonstrated

that  throughout  a t ide,  s i l t  concentrat ions f rom the

surface to lm above the bed were much too low for

basin s i l ta t ion to be the resul t  o f  sediment

deposi t ion f rom th is  par t  of  the water  co lumn.

Third ly ,  the laboratory s tudles on the ef fect  of

currents on local  mud suggested that  i ts  cr i t ica l

shear for  eros ion rcas such that  wi th the currents

encountered in the sea channelr atry material that had

deposi ted on the bed dur lng the s lack water  per iod

would be p icked up ear ly  on the fo l lowing hal f - t lde:

they a lso showed that  the fa l l  ve loc i ty  of  d lscrete,

f ine par t ic les fu l1y suspended in the f low was too low

anyway for  set t l ing to occur  in  the t ime avai lable

du r i ng  s lack  wa te r  pe r i ods .

Final ly ,  the f ie ld measurements of  suspended sediment

eoncentrat ion under wave act iv i ty  demonstrated that

a l though concentrat ions 0.15n and h igher  above the bed

did increase wi th increasing wave act iv i ty ,  i t  was

only occasional ly  that  va lues in  excess of  1000ng/1

! /ere reached,  and even then,  these concentrat ions were

not  measured fur ther  above the bed than 0.3rn.



The measurements provoked several  quest ions.  Should

of fshore s i l t  coneentrat lons be moni tored nearer  to

the bed than 0.15n? Is  there perhaps a turb id layer  a

few cent imetres th ick which is  the resul t  o f

wave-st i r r ing produced by the l ight- to-moderate

diurnal  wind whlch b lows wi th enough force to agi tate

the bed in the shallow waters over the nud banks? lJas

s i l t a t i on  i n  t he  t i da l  bas in  due  to  t he  nea r -bed

inf low of  such a h ighly  eoncentrated turb id layer?

D id  t he  l ow  va lue  o f  shea r  needed  to  i n i t i a te  pa r t i c l e

entra inment  ln  the f lune exper iments apply only  to the

very f ine s i l t  f ract ion and are current  ve loc i t les

higher  than those actual ly  reached in the tests needed

to produce the format ion of  a h ighly  concentrated

f lu id layer  f rom re lat ive ly  wel l -consol ldated uud

banks?

To pursue some of  these quest lons fur ther ,  exploratory

wave flume experiments were carrled out to examine the

behaviour of 1oca1 mud under wave action. They showed

that  in  sal t  water  of  a g iven depth,  waves of  a

cer ta ln per iod and height  produced a h ighly

concentrated turb id layer  on the sur faee of  the bed

which osci l la ted to and f ro and could be t ransported

by a nodest  uni -d i rect ional  current  at  approxinate ly

the speed of  the current  wi thout  any s igni f icant  loss

of  mater ia l  to  the upper layers of  water .

In f resh water ,  a s imi lar  resul t  was achieved wi th a

smal ler  wave height ,  the larger  wave used in the sal t

wa te r  t es t s  now ine reas ing  the  ve r t l ca l  m ix ing  o f  t he

sediment  throughout  the depth by v i r tue of  the

def locculat ing ef fect  of  the f resh water  whieh reduced

part ic le  bondlng and enabled more sediment  to be

eroded f rom the bed.

When the results of the wave flume tests were

considered in conjunct ion wi th those of  the deta i led

analys is  of  f ie ld and model  ueasurements and por t

reco rds ,  an  exp lana t i on  o f  t he  pa t te rn  o f  s i l t a t i on

exper ienced in sea channel ,  r lver  and harbour basin

emerged.



The outputs from the sensors are taken by cable to an

lnboard readout  uni t .  The depth measur ing system can

resolve to t lcn over the range 0-30!0 and the depth is

read  f rom a  d ig i t a l  L .E .D .  d i sp lay .  The  i nc l i nome te r

measures p i tch and ro11 at t i tudes over  the range t  tO"

w i th  a  reso lu t i on  o f  t l o  and  i s  read  f rom tw in

analogue meters.  The e lect ro-magnet ic  current  meter

is  ca l ibrated in  the range 0-1n/s and the cal ibrat ion

i s  una f fec ted  by  f l u i d  dens i t i es  up  to  1 .15  g / " t 3 .

The x and y components of f low are indicated on

analogue meters and the output from each channel may

be connected to a char t  or  magnet ic  tape recorder .

The t ransmiss ion probe consists  of  two ver t lca l

stainless steel- tubes connected by 130m-long

hor izonta l 'cross-bars forming an rHr-shaped assenbly.

One ver t ica l  tube conta ins near i ts  lower pointed end

a  3 -n i l l i cu r i e  (1 .1  x  tO8  Bq )  Ba r i un  133  rad ioac t i ve

source having a hal f - l i fe  of  8 years.  The source is

mounted within a lead coll lmator to produce a narror^7

beam of gamma-rays directed across the gap between the

two tubes.  The second ver t ica l  tube conta ins the

rad ia t i on  de tec to r .

Attenuation of the narrow gamma-ray beam in the

source- to-detector  in terspace is  a funct ion of  the

bulk denst ty  of  the medium wl th in that  space.  Densi ty

measurements wi th a ver t ica l  resolut ion of  a few

ni l l inet res are possib le so long as the probe ls  held

ver t ica l ,  i .e .  the ganma-ray beam remains hor izonta l .

This  feature is  par t icu lar ly  usefu l  when measur ing the

dens i t y  p ro f i l es  o f  h i gh l y  s t ra t i f i ed  l aye rs .

I t igh vol tage for  the detectors and readlng d lsplays

are provlded by a Nuclear  Enterpr ises PSR

scaler / ratemeter .  Radiat lon readings are indicated in

analogue form on the uni t ts  ratemeter  d lsp lay.  A more

precise radiat ion measurement  is  nade by count ing for

a pre-set  t ime per iod ( typ ical -1y 10 seconds)  the
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A conceptual  model  r^ras eonstructed on the basis  of

th is  s i l ta t ion nechanism and calculat ions were made

which y ie lded suf f ic ient ly  c lose agreement  wi th the

s i l t a t i on  expe r i enced  i n  t he  ex i s t i ng  po r t  t o  j us t i f y

extending then in an at tempt to predict  l ike ly

deposi t ion associated r^r i th  future por t  development

proposals.  conf i rmat ion by f ie ld measureuent  of  some

of  the necessary assumpt ions r ras,  however,  s t i11

lack ing,  and a l though exis t ing equipnent  was used to

measure the in-s i tu  densi ty  of  nud deposi ts ,  no

instrumentat ion had yet  been developed to record the

movement of a near-bed turbid layer.

2 fl,RBIIFI,AIER

UOISITOR

To br idge the gap in the range of  ex is t ing mud

moni tor ing equiprnent ,  the Fie ld serv ices sect ion of  HR

has developed a field instrument array capable of

measur ing the th ickness of  the near-bed turb id layer ,

i ts  densi ty ,  and speed and d i rect ion of  moveoenr

re lat lve to the d i rect ion of  movement of  t ida l  f low in

the water  co lumn di rect ly  above.

The underwater package consists of a 3n-1ong

streanl ined rod f i t ted wi th a f in  and suspended f rom

an electro-mechanical  cable.  At  the lower end of  the

rod  a  nuc leon i c  t r ansm iss ion  p robe  i s  a t t ached  to  l i e

on  a  ho r i zon ta l  p l ane .  Th i s  i s  f i t t ed  w i t h  an

electro-magnet ic  current  meter  to moni tor  f lu id

movements on the probe axis .  At  the upper end of  the

rod,  and c lear  f ron the near-bed sediments,  a

water t ight  housing conta ins a prec is ion pressure-

sensing depth t ransducer,  a twin-ax is  inc l inoneter  to

indicate the at t i tude of  the rod,  and a compass

(P la tes  1  and  2 ) .

The underwater  uni t  weighs approxinate ly  50 kg which

enables i t  to  penetrate low-densi ty  nater ia l  under i ts

own weight .



incoming radiat ion pulses. The cumulat ive counts of

elapsed t ime are displayed on a l iquid crystal

display. The bulk density equivalent of  the count

rate is then derived from a cal lbrat ion curve.

The readout unit  is powered by internal batter ies'

each set of  batter ies providing up to 120 hours of

u s e .

The densi ty  probes are cal ibrated in  the laboratory

using a ser ies of  samples cover ing the densi ty  range

1 .0  t o  L .75  g  c r -3 .  Ca l i b ra t i on  t ubs  con ta in

clear lrater at the low density end of the range,

compacted sand at  the h igh densi ty  end and stable

ealc ium ehlor ide solut ion in  the u iddle of  the range.

With carefu l  ca l ibrat ion a measurement  accuracy of

t  O.Of g cm-3 may be achieved.

In the f ie ld a cal ibrat ion check is  made using e lear

wa te r .

Sinple handling procedures

signi f icant  radiat ion dose

use,  the probes are housed

conta iners.

are adopted which avoid any

to personnel.  When not in

in their  shielded transport

FIEIJ I?'IALS

Fie ld t r ia ls  of  the inst rument  package were carr ied

out in Sea l,I i l ls Reach of the tidal River Avon near

B r i s to l  (F ig  1 ) .  Th i s  s i t e  was  se lec ted  because

ear l ier  f ie ld measurements had establ ished the

existence of  a layer  of  f lu ld mud at  the bed whieh was

part icu lar ly  wel l  formed dur ing neap t ides.  The

. .  prof i le  was deployed f rom the l i f t ing tack le of  I IR

su rvey  vesse l  "T r i t on " .

Measurements were mzde over a 2'day period but due to

technical problems no measurements of f luid nud

ve loc i t y  we re  poss ib le  on  the  f i r s t  day .  I n  add i t l on

to moni tor ing the f lu id mud layer ,  measurements were



h DISCUSSIOI{

BESIILTS

also made of  the speed,  d i rect ion of  fLow, sal in i ty

and temperature in the water column above. Readings

were taken 0.5n and l .On above the bed and then at

1.On- intervals  up to the sur face.

Al though the bed densi ty  prof i l ing and water  qual i ty

measurements returned a good percentage of  data,  the

surveyors expressed some concern about the accuracy of

veloei ty  measurements in  the turb id 1ayer .  I t  was

feared that  the work ing p lat form was insuf f ic ient ly

stable,  having a tendency to ro11 due to wind loading

and the general  movement of  personnel  on board.  I t

I tas suggsted that  th is  probably resul ted jn  sone

horizontal and vertical movement of the probe and

electro-magnet ic  current  meter .

0n the second day of  the survey,  observat ions began at

0930 hours (1.2 hours before low water)  and f ln ished

at  L445 hours (4.1 hours af ter  low water) .  They were

carr ied out  on a neap t ide having a range of  6.45

aetres on the f lood.  Wlnds were f rom the south-west

having a st rength of  Force 3 on the Beaufor t  scale.

OF

The plot ted f ie ld observat ions conf i rm surveyorst

fears that  boat  movements gave r ise to poor  data.

Whilst the sway and ro11 movements of the boat had

l i t t le  in f luence on water  observat ions spaced in depth-

increments of  1 metre,  they cer ta in ly  af fected the

observat ions wi th in the turb id layer  which were

speci f ied to be recorded at  depth- intervals  of  2crn.

The e lect ro-magnet ic  current  meter  was at tached to the

instrument  assembly wi th the Y-axis  veloc i ty  component

a l igned wi th the d i rect ion of  t ida l  f low and the

X-axis  veloc i ty  component  normal  to  the f low.  Both

the s ideways sway and,  to a lesser  extent ,  the ro11

movements of  the vessel  should therefore have had a

greater  ef fect  on the X-axis  veloc i ty  component  than

on the Y-axis componeat.

"t



Of the n ine sets of  densi ty /veloc i ty  measurements made

wi th in the near-bed turb id layer ,  the most

representat ive,  and probably the most  re l iab le '  I tas

recorded Just  before 1ow water .  The resul ts  are shown

on  F ig  2 .

The concentrat ion of  nud suspension is  expressed in

two a l ternat ive forns -  as turb id i ty  levels  in  ng/ l

and a lso as bulk densi ty  in  t /n3.  Suspenslons

having concentrat ions up to about  1001000 ng/ l  nay be

regarded as comparable to the near-bed turb id layer

l ike ly  to be generated by wave agi tat ion.  Suspensions

of  200,000 nglL to 400,000 mg/ l  are f requent ly

referred to as f lu id mud,  and suspenslons having a

concentrat ion exceeding 400r000 ng/1 could be

considered as represent ing the bed of  the r lver .  At

the t ine of  the observat ions on Fig 2,  the t tdal

current  s t rength 0.5n above the sur face of  the turb id

laye r  was  0 .66m/s  and  the  wa te r  sa l i i t y  was  32 .05  e / t .

From the sur face of  the turb id layer ,  the densi ty

increased progressively  at  an a lmost  uni form rate.

Movement of the layer reduced progressively with

dis tance below the sur face.  The f low di rect ion sketch

below the graph shows that the upper part of the

turb id layer  moved in the d i rect ion of  t lda l  f lo l t

whi le  in  the sub-sur face layer  i t  took the form of  a

very s low creep down the s loping s ide of  the r iver

sect ion under the in f luenee of  grav i ty .

Another  reasonably acceptable set  of  observat ions were

recorded dur ing the rn id- f lood,  about  3 l  hours af ter

low water  ( f ig  3) .  F low just  above the turb id layer

was  0 .45m/s  and  wa te r  sa l i n i t y  was  36 .25  g /L .  The

profi le through the layer showed a degree of

uni forn i ty  of  both turb id i ty  and rate of  movement over

a th ickness of  some 15cu.  The d i rect ion of  movement

at  the sur face was inf luenced by t ida l  f low but

further into the layer the movement was towards

ru id-channel  under the ln f luence of  grav i ty .



F t g 4 l s l n e l u d e d a s a n e x a n p l e o f p o o r o b ' " ' u " t l o " "

e l t h o u g h l n t h l e p a r t l c u l a r e a s e t h e e a u e e e a n n o t b e

a t t t l b u t e d t o l a r g e l n a e e u r a e l e a l n X - a x l e v e l o c l t y

conponents  s lnee the  f low wab pr lne tpa l l y  In  the

I - a x l e  d l r e e t l o n '  T h e  l n e r e a s e  l n  v e l o e l t y  w l t h  d e p t h

beneath  the  aur fa ie  l s  unreaeonab le l  and the

8 u 8 8 e g t I o n t h a t e o n g o l l d a t e d n u d a t 5 T 5 ' 0 0 0 n g / 1 ( b u t t

d e n e l t y  1 . 3 7  t / n 3 )  f l o w e d  a r  a  v e l o c l t y  o f  a . 5 7 5 n / e

l e  u n r e a l l s t l c  f o r  t h e  g l v e n  t r a n s v e r s e  g r a d l e n t  o f

, t . r"  eatuarY.

oof,cl,uslons
l .  A l though the  work lng  p la t fo rm proved to  be

lnadequate  fo r  the  type  o f  eurvey  work  be lng

under taken,  the  da ta  reeorded conf l r rned tha t

the lnatrunent package wae eapable of

nonltor lng l t te novement of a near-bed turbld

laYer .

2 .  The reau l ts  ahowed tha t  the  tu rb ld  layer  wae

lnf luenced by the novement of the weter

eo lumn lmed la te ly  aboverand the  upper

p o r t l o n  w a s  t r a n s p o r t e d  l n  t h e  d l r e c t l o n  o f

t lda l  f1ow.
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Fig 3 Vor iot ion in  ve loc i ty  ond turb id i ty  wi th depth (  LW.3 '5 h )
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( a )

Maln  e lenents  o f  t ransmiss ion  probe assembly  exc lud ing

EM current meter

cb)
Transmi ssion probe

PLATE 1



*il;;';;., i,.u;f1l;; und .o*pu,,
attached to suspension rod and l i f t ing

assembly

cabl  e

(b)

Depth t ransducer,  incl inometer and compass housing with
sh ip -borne readout  un i t

PLATE 2






