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1.C

INTRODUCTION

General «

The present Report No. 6 on Siltation Investiga-
tions in connection with the building of the E3-Schelde-
tunnel contains a summary and an analysis of all results

“of the investigations performed by the Danish Institute

of Applied Hydraulics for the purpose of evaluating the
sedimentation to be expected in the tunnel trench during

the construction period.

Naturally, the emphasis has been on the field
investigations, the main purpose of which has been
to measure current velocities and concentrations of sus-
pended silt, as these quantities vary with the seasons,
with the tidal range, over the tidal period, with the
depth, and across the river, A part of the field inves-
tigations has been devoted to the study of sedimentation

in two test pits,

By the laboratory investigations, which partly
took place on the voat, a number of grain size distrivu-
tions of suspended load have been determined, both under

in-situ and wnder various flocculation conditions., 1In
addition, the hydraulics of flow in the trench has bcen
investigated by scale model tests,

The theoretical investigations have comprised an
analysis of the sedimentation problem, the development
of an approximate theory for the mechanism of sedimenta-
tion in the trench, and a calculation on an electronic
computer of the sedimentations to be expected on the
basis of the approximate theory and the field data,

Finally, this report contains the conclusions
of the investigations with regard to the expected rates
of sedimentation, as well as t0 the expected geotechni-
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cal properties of the deposits, On certain points the
data underlying these conclusions are still very scarce,
such that a few supplementary field investigations as
recommended in a previous report are still desirable,
Otherwise this report is assumed to conclude the inves-~
tigations requested from the institute.

1

Previous Reports ¢

In the course of these investigations a number of
preliminary reports have been submitted. A list of these
reports is given below together with short descriptions

of their contents. o 1453 -

Report No. 1, submitted before the tendering for the
tunnel, gives the results of introductory field investi-
gations and an approach to calculating the sedimentation

in the trench, as well as the preliminary results of

o
Report Wo, 2 describes the results of field

such a calculation,.

investigations made in July 1964.
e """ L fou
Report No., 3 describes in summary form the results

of field investigations made in October-November 1S64,
PR
Report No. 4, prepared after the conclusion of

the final field investigations in January-~February 1965,
contains the preliminary conclusions of the investiga.-
tions and calculations. These conclusions remain largely

unchanged in the present report.
Jx P TAgn
Report No. 5, (not yet submitted), will deal with

the variation in density of the water in the trench with
a view to its effect on the sinking operation for the

tunnel elements.
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CONCLUSIONS

From the investigations performed the following
conclusions may be drawn:

a, Origin of Deposits

Practically all the material that will be depos-
ited in the tunnel trench will originate from the sus-
pended load,

b. Geotechnical Properties of the Deposited Material

The material dggpsited in the trench in the
sand bed section will be fine sand with a small content
of silt, i.e. essentially a frictional material. In the
Boom clay section the silt content will be higher with
the result that this material will be essentially a
cohesional material though the main;ggrt of it is fine

sand,
SR

In both cases the material will not flow longi-
tudinally along the trench, Thus the trench may be
redredged in sections without danger of material from
ggjacent parts of the trench flowing into the dredged

section.

¢, Calculated Rates of Sedimentation for Vinter Conditions

The sedimentation calculations indicate that the
average rates of sedimentation under January-February
conditions will be in the order of 8,5 t/m per day in the
sand bed section and 3.0 t/m per day in the Boom clay
section.

L .

d, Variation with the Tidal Range

According to the sedimentation calculations the

—

variation of the rate of sedimentation from spring tide
to neap tide is from 1,6 to 0,4 times the average rate

of sedimentation,.
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e, Estimated Volume of Sedimentation

The unit weight of the deposited material is esti-
mated to be about 1,6 - 1.7 t/m3 in the sand bed section
and, at least, 1.4 t/m3 in the Boom clay section. These
figures yield average rates of sedimentation of 8.5 mé[m
per day in the sand section and 4,5 m3/m per day in the
Qgpm clay sectiogr =

f, Estimation of Summer and Autumn Rates of Sedimentation

Since the technique for finding the grain size
distribution of undisturbed material in suspension was

‘not developed until a late stage of the investigations,

the grain size distributions of the su§gended load for

summer and autumn conditions remain unknown, Hence, the

sedimentation for these seasons can only be estimated by
aésuming the same grain size distributions (or rather
distributions of settling velocities) as found for the
winter conditions,

On this assumption the sedimentation becomes
directly proportional to the concentrations of suspen-
ded load, leading %o the following upper limits of aver-
age rates of sedimentation during summer and autumn:

Sand bed section 21 t/m per day, corresp. to 21 m?/m/day
Boom otay " 7 " U " " 10 "

It is possible that the average rates of sedimen-
tation will be only 60% of these figures,

It should be pointed out that although a large
difference in the settling velocities of the suspended
grains from winter {to summer is not probable, there
could easily be an important difference in the relative
contents of flocculated grains, which would lead to

"other conclusions with regard to the volumes and the

consistencies of the deposits.

g. Change in Rates of Sedimentation

The rates of sedimentation given above grg dini-
tial rates, i,e, for the fully dredged trench., As the
Lo _ » . va
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trench becomes shallower the sedimentation rate decreases.
When the bottom of the trench is about 10 m below the sur-
rounding level a very considerable reduction of the rate
of sedimentation may be expected,

h, Sedimentation on Side Benches

-

The above figures for the sedimentation in the
tunnel trench represent only that part of the sedimenta-
tion that will occur in the portion of the trench that
vieg below the surface of the Boom ck&g.

In the sand scction side benches are provided
to both sides of this part of the trench, Somec sedimen-
tation will, of course, take place on these side benches,
N

and the calculations show that initially the rate of
sedimentation in this region will be about 50% qsrthe
values for the trench proper.

However, as soon as the excavation starts, there
will be a tendency to erosion of the upper part of the
sand slopes, because the flow after having passed the
trench will pick up new matecrial from this region. Thus,
the alternating tidal flow will cause the major vart of
the material deposited on the side benches with one flow
direction to be removed with theggzgpsite flow dircction.

i, Recommendations

Because of the lack of measurements of grain size
distributions of the suspended load under summer condi-
tions, there is a considerable uncertainty inherent in
the estimation of the rates of sedimentation during this
season, Therefore, it is recommended that a limited
number of such measurements be performed in June or July
of the present year.

In connection with such measurements it would be
of considecrable interest to carry out soundings at test
pit P53 and to take samples of the material that has been
deposited in this pit.

Pinally, we should likc to cmphasizc the desir-
ability of following wup the present investigations with




adequatc observations and measurements when the actual
trench is dredged., In the present case, thanks to the
foresight of the contracting consortium, an unusual
effort has becen madc to analyse this important problem,
However, this effort will attain its full valuec only
if followed up by such measurements and observations
in the actual trench.

l 15th May, 1965 L

H, Lundgren Torben Serensen
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HYDRAULIC CONDITIONS

General, ¥

Tiie site of thie proposed tunnel is 80 km
above tue mouthh of tue Schelde at Vliissingen. The

nydraulic conditions at tue site are determined
largely by tides. Tuese tides are semi-diurnal tides.

By tuhie time thie tide reaches Antwerp, thie sea
water that nas entered tue Scuelde uas become well
mixed up witu tlie fresnu water discliaige of the river.
This can be seen from the salinity measurements (see

Report No. 5), which show very little variation of

salinity with depti.

The tidal volume is considerably larger than

tite average fresh water discharge of tue river
L — .

(about %6 times as large during spring tides and 30

times during neaps). Tiie river velocities are there-

fore completely dominated by the tidal current.

E}dal Range.

From the information kindly supplied to us
by'the Antwerpse Zeediensten, who maintain records
of tides at Antwerp, tne following figures, wiich
are based on data for tiie years 1951 to 1960, can be
given: &

Mean tidal duration: Flood

1116 min. Ebb 7it 09min,

above N.K.D. datum
above N.K.D. datum
above N.K.D. datum
above N.K.D. datum
above N.K.D. datum
above N.K.D. datum

Mean uign water level: +5.04
Mean low water level: +0.23
Mean high water springs: +5.42
Mean low water springs: +0.08
Mean uigiu water neaps: +4.58
Mean low water neaps: +0.48

H 8 8 B B BjW»m
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2.3

Variation of Velocity witii Season, Depth and Tides.

In order to understand the benaviour of the
suspended load and %o find the reasons for its vari-
ation witih tlhie tidal cycle and along tiie tunrnel axis,
velocity measurements were made at 4 different dEBEES

.

at _eacn of several verticals, 51 to S5 end C1q
- - [
to 04, 1lite locations of whichi have been suown

2

on Plan No.#01.
m——

Tiiese measurements were normally made at spring
and neap tides. A list of {iuiese measurements is given
in the index, wuile Plans Nos. 302 to 320 sihow the
variation of velocities with tue tides and at different
deptus.

Because tie tidal volume is ccrsiderably larger
tiian tlhie river discharge, there is hardly any seasonal
variation in velocities wuilcu can be attridbuted to sle
varying river discharge. Tue river Zis well mixed and
tiite velocities at various deptuis follow tilie mean veloc-

-

ity of tuie river. Tue velocities vary considerably

with tue tides, being larger at spring tides than atg

neaps. Tue variation during a tidal cycle can be seen
from Plans Nos. 302 %o 320. (An intercs®ing feavsure
tunat can be observed from the velocity curves is The
well defined secondary maximum during flcod tides).

Variation of Velocities alongs tite Tunnel Line.,
= e RS S ——

A comparison of <hie measuremeints of veloclitiies
at different points on tiie cross section of the river
indicate +tmat paximum velocilities occur at a poing

. e B P

between 02 and C3. Tiie velocities decrease as tue
amessemmatEn <~ I

banks are approached. A typical case is shiown on
Pitan No. 103.

o
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4.0

CONCENTRATIONS AND GRAIN SIZES OF SUSPENDED ILOAD.

General

The investigations performed include a large
number of observations of concentrations of suspended
load in order to obtain data describing the way in
witich the concentration of suspended load varies over
tite cross section of the river, witu tihe time relative
to the tidal motion witiiin tihie tidal period, with the
amplitude of tuie tide as it changes from spring tide
to neap tide, and with tlie seasons.

Tihiese observations have, in general, been made in
four verticals, C1 to Cy (Plan No. 201). Observa-
tions were made in July 1964 (one spring tide), in

October-November 1964 (two spring and two neap tides)

and in January-February 1965 (two spring tides).

Tiie results of all of tuitese observations have
been plotted on tue enclosed Plans Nos. 202 to 220
togetlier withh tue mean velocity of tite current at tue
vertical in question as calculated from the velocity
measurements made simultaneously withr thie suspended
load observations.

Variations of Concentrations Over trne Tidal Period,
e R N s ey

From Plans 202 to 220 it may be seen that tue
concentration of suspended load in agg}ven point varies

strongty witis tiie current velocity. The maximum con-

centration is obtained some time after the current

velocity iias passed its maximum. This time lag is
S -

caused by tue fact That tue turbulent mixing close to
the bed is not strong enouvgu to ensure an immediate

ad justment of tiite concentration profile to tne changing
velocity conditions. Thus, it must be concluded that
tue suape of the concentration »rofile is not normally
identical to tiiat correspcending to stecady flow condi-

16
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tions. However, the discrepancy is likely to be
greatest in a tiiin layer very close to the bed.

In some cases tuere are very highi concentra-
tions suortly after tue reversal of the current at
slack water. These peaks do not result from uigi
current velocities, but may - as suggested by Mr. H.
Jongedijk of Curistiani & Nielsen - be caused by tie
fact tiiat a bed with ripples formed by one current
direction is very unstable in flow witi: thie opposite

direction.

Seasonal Varietion.
L —m——

Tiie possible occurrence of seasonal variations
in concentrations of suspended load las been examined
by calculating values of the average concentration
over a full tidal period and comparing thnese values
for thie different times of the year. The resulting
values of average concentrations iave been listed in
Table No. 1 below. :

TABLE NO. 1 AVERAGE CONCENTRATIONS OF SUSPENDED LOAD(g/1)

—— g — — <7 1= ¥ T e el 4

- I
Vertical Cq (81) Vertical Cp Vertical Cq Vertical Cy

HE 1GHT 03 1.0 3.0 []03 1.0 3.0 [[03 1.0 3.0 [l0.3 1.0 3.0

ABOVE BED (n)

e o ————

$PRING TIDE | 0.67 0.59‘ 0.5€~ 186 1.%4 0.99 11,48 1.30 0.84

0CT. 1%~16 14-10 14-10 14-10 |{15-10 15-10 15-10 [;16-10 16-10 16-10

NEAP TiDE 041 0,33 0,31 ]} Q10 0.5 0.26 L—?‘ég 0.50 0.30

0cT. 21-23 21-10 21-10 21-10 {j22-10 22-10 22-10 |{23-10 23-10 23-10
SERING TIDE 0.8 0.65 0.8 |1 1,23 1.36 0.92 1;25 1.6 1.04

0CT. 28-30 28-10 28-10 28-10 {{29-10 29-10 29-10 [|30-10 30-10 30-10

NEAP TIOE Q6% 0.56 0.2 {1 045 0.42 0.29 [} 0.36 0.29 0.20
!

NV, 4-5-64 |51 51 ST A1 A1 4

SPRING T10E 121 113 0731 0,83 0.64 0.8

448 19,65 19-1 19-1  19-1

SPRING TIDE 0,59 0.55 0.47

CEC— -

FEB. 6, 65 62 62 62

SPRING TIOE |i 0.45 0.3 0.3

— | -
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Plan No. 102 shows for spring tide conditions
and a point 1 m above the bottom a plot of the average
concentrations over tiue tidaLA;;riod at vertical Cop,
and tue average concentrations during an interval of
about 1 hour before high water to 4 hours after nigh
water at verticals Cq and Cz as well as the salinities
(occuring at nigh water slack). It is quite evident
tnat there is a variation in concentration of suspended

load wiiicii is probably of a seasonal nature, tue values

from July and October-November representing similar and
ratiter itigh concentrations, whereas tiie values from
January-February are smaller by a factor of about 0.4.

It appears tuat tne seasonal variation in con-

centrations of suspended load ig‘somehow related to

tiie same mecuanism by whichi thie salinity is reduced

drastically in tue winter season. There are various
possible explanations of sucih a retationsuip, but tue
present investigations are insufficient for tue cla-

rification of tuis point.

Variations from Spring Tides to Neap Tides.

The calculated average concentrations also
illustrate tue variations in concentrations of suspended
load with tite velocities of the tidal currents as they
ciiamzge from spring to neap conditions, the neap tide
concentrations being at all seasons considerably smaller

tian tne spring tide concentrations.
——,

Variations acrcss the River.

-

The concentrations of suspended load yary

across tue river along tire tunmel axis, partly because

tite current velocity varies, being smaller at smaller
deptlis, but mainly because tue bed near tie rgﬁyt bank

consists of Boom clay, wiile the remaining part of tiue
hed consists chiefly of fine_sgand (Plan No. 103).

In thie Boom clay section only a small amount
of fine sand and silt grains is available on tue bed
for thte current to brirg into suspension. The reason
for thiis must be that secondary currents (helical flow)
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continuosly sweep sucu material as is brought into

thiis part of tue cross section - e.g. by diffusion -

over towards tue sand bank at tile left side of thie

river. Tue result is that the suspended load con-
centrations - especially thie peak values - are much
lower over the Boom clay thian over the sand ban%ﬂ
witere an unlimited supply is available.

The variation along tuhe tunnel axis of sus—
pended load concentrations 1 m above bottom is illus-
trated by tue observations plotted on Plan No. 103.

Grain Sizes of the Suspended Loagd.

At an early stage in the investigations it
became evident that almost all the material tiat will

be deposited in tiie trench will originate from the

suspended load. Thus, for tihie purpose of calculating

tite amount of sedimentation in tue trenchi it was
equally evident that knowledge of tue grain size

distribution of tire suspended load was necessary, be-

cause tiue rate of sedimentation of suspended particles

depends decisively on tue grain sizes,

Unfortunately, determination of grain size

distributions on samples of suspended load is a ratuer
complicated problem. The concentrations of suspended

load in the river are so _small that the existing

standard metiiods of grain size analysis for such par-

ticles, e.g. uydrometer analysis, are impracticable.

Furtner, it was felt tuat to obtain a reliable analysis
it would be necessary to avoid settling of the suspended
material in tue sample before performing tiie analysis,
since this migut lead to the formation of greater flocs
and thereby to misleading results.

A furtuer complication is tue fact tuat EEE
grain size distribution of the suspended load varies

considerably with the current velocity as well as with

tiie bed material (Boom clay or sand), sucit that a des-

cription of tlie grain size distributions could be made nlys
on tihe basis of a large number of samples taken at
different points of tue cross section, at different




tidal conditions, and at short time intervals within
tlte tidal period.

A techmigue for performing grain size analysis
under such conditions lias, apparently, not been known,
and a suita%le method was no' developed by tue insti-
tute unvil tuec end of 1964. Thus, an adequate des-
cription of grain cize distributions was not possible

until the investigations in January-February 1965.
——

The retiicd developed for this purpose is a
methiod for the determination of settling velocities

of fine grairs. and tite a»nparatus is an adaptation of

thie so-called "Andreasen's Pipecte Apparatus". By
o

tiils new apparatus the volume of thiec samples was large

enough to allow determination of the very small quantvi-

ties of eacli grain size fraction, and tiie analysis

)

could be stertcd or board tue voat immediately after

the samvnle nadé been talen, such that the suspended
1 A ——

134!
material vas not allgwed to scittle before tite grain
S

size anclycis.

fingei=g

By means of this avparatus a numver of grain
size distributions of suspended load were found for
neep tide and spring tide corditions in February 1965
at Cq and C3, 1 m above the bed. The samples were
taken at short —Zime intervals Cdvring a period from

1 hour before Ligh water tc 4 hours after nhign wate:r,
ame——

because titis period will usuve llv include the maximum
e

velocities botu at flood axnd et ebb, a3z well as wlle

1igh water slack. Thus it shiould give a good descrip-

tion of tiie raage of variaticas of {ue grain size

distribution.

The results of tliese observations have been
plotted on Plans Necs. 112 +o 172, 0 these plors
boti: tiie ordinary grain size distributions in terms of
percent by weizut ol eacn fraction za2nd the variation
in concenvraticr ol eccu grair size fraction with time
are given.

It may be seen from these plans, especially
Plan Mo. 116 cuowinz coaditions at C3, spring tide,
that the large increases in concentrations occurring
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around the maximum velocity, consist almost exclusively
of the coarsest grains (larger than 0.08 mm), whick
remain in suspension only for a relatively short period
around the maximum veLocit&. Some variations in con-
centrations occur also for grains between 0.08 and

0.01 mm, wiiereas the concentration of grains finer tuan

0.01 mm remains almost constant turoughiout tiie periods ( 7f
Wl

of measurement.

Similar trends, but less pronounced, are dis-—
cernible at Cz, neap tide, and at C4, spring and neap
tide. Vien examining tiiese results it suiould be remem-
bered tuat in several cases wiere tle grains are very
fine tuhie quantities of each fraction are extremely
small and tie determination therefore somewuat inac-
curate. Fortunately, in such cases tue contributions
of these fractions to tie sedimentation in tue trencu
are also extremely small, and these inaccuracies are

thierefore unimportant.

Flocculation Tests.

Tiie salinity of thne Scuelde at Antwerp is mucu

higner during tuc summer tnan during the winter.

Since it is known tuat flocculation of very fine par-

ticles is accelerated by salinities above a certain
limit and tiie salinity at the time of thie grain size

determinations migut be below tuls limit, it was clearly

desirable that thte possible effect of a higher salinity
on thie grain size distribution suould be known.

In order to investigate tuis, tiiree samples of
suspended load were taken simultaneously from the same
point (Cp, 1 m above the bed). The grain size distri-
bution of one of these samples was determined at once.
Tiie salinity of the otlier two samples was increased
to about 10 g/l,whereupon thiey were agitated for one
and two hours, respectively, before determination of

tueir grain size distributions.

The turee resulting grain size distributions

are suown on Pian No. 119. It can be seen, tuat tue

increased salinity had little effect on tlie grain size

distribution. Indeed, the distributions are so close

21




- IR O O NE N W W R R DT N R R GBr e EE BN B S Eee IIIF

to each othier that tunis test provides a demonstration
of tilie accuracy obtained by thie applied metiiod for
determination of grain size distributions.

The result of these flocculation tests sliould
not, iiowever, be considered quite conclusive with
regard to tiie grain size distributions likely to be
encountered under summer conditions. Duriqgrsummer

conditions tite content of flocculable clay may be

considerably uigner tuan at thue time of this experi-

ment. In_the winter observations the grains witi large

settling velocities were found to consist almost exclu-

sively of fine sand grains. During summer conditions
tiiere may be appreciable guaptities of flocculated
grains with large settling velocities.
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5.0

1

—

TEST PITS.
S

General. - '

During tuhie present series of investigations
two test pits (P2 and P3) were excavated. The rate
of sedimentation was observed by taking ecuo soundings
at regular intervals.

Test Pit P2.

This test pit was placed on tue tunnel axis
and near tue centre of tue river in tue portion where
thie river bed is sand. (see Plan No. 151). Tue pit

>
was about 2.5 m deep and had a volume of about 3500 m”.

Soundings were taken for a period extending over a
month, and typical plots of these soundings can be
seen on Plans Nos. 156 and 157. Sections parallel to
tie current direction thirough the pit have also been
dravm end tiitese are shown on Plans Nosg. 152 to 155.

From tiese sections it can be seen tuat material
nas been deposited in the portion of the pit which lies
near the left bank, whereas very little material uas
been deposited at the rigut benk side, altuough the
pit was deepest on that side. (see profites A and E).
Tire rate at which material came into the pit was mucu
larger in tuhe beginning than towards tike end of tle
period of measurements, as may be seen by comparing

the cuange in tue profiles at different dates. Tue

S
average rate, from 20-12-1964 to 21-1-1965 at which
iiis test pit was filled up was about 2.6 cm/day.

This rate is tlie average rate considering tie entvire
bottom vortion of tue pit.

Trie material that came into thuis test pit was

inc sand. Tuis was confirmed by the grain size
L

.

analycis of samples taken from the bottom of the test
pit (see Plor No. 120). Direct corfirmation of tuis
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was also obtained when, for anotuier purpose,the sgkin diver

-

inspected the pit. > -

It is quite evident from the shape of the
bottom profiles of the pit at thie various stages of
filling-up that the bulk of tlie material deposited in
the pit was_carpied into the pit as suspended load. 9
If it unad been mainly bed load, the pit would uave 6
filled up from tiie two sides instead of almost evenly.

It can be seen from the smunding profiles
parallel to tue direction of the current tiiat some
erosion has occurred on the bed adjacent to the pit.
This takes place in tuhe following way: After tle
flow hias passed the pit, where it has been deprived
of some of its content of transported material, it
picks up new material from the area immediately down-
stream of the pit. This, of course, nappens whether
the material is trensported as bed load or as suspended
load.

Since it was quite clear that test pit P2
was too shallow to demonstrate the rate of sedimenta-
tion that would occur in the tunnel trench, an attempt
was made to determine the rate of siltation that
would occur in a much deeper excavation under the
conditions prevailing at this place and time.

In this experiment a small bucket, 12 cm in
diameter and 40 cm deep, was placed on the bottom
of the pit on January 11, 1965 (neap tide) during
5 hours of ebb current. During tunis period 8 cm of
fine sand (mean diameter approximately 0.10 - 0.15 mm
were deposited in thie test bucket.

. This experiment demonstrates tiiat with g
deeper trench, where the uydraulic conditions would

approachi those occurring in the test buckets, muci:
greater raves of sedimenvation than those found in_tue

test pit may occpur. On the otiher hand, the test

bucket experiment could not be taken to represent
directly the average rate of sedirmentation in the

large trencu, since the rate of sedimentation i» tue

test bucket would depend on its location in tire test pit.
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Test Pit P3.

Tnis test Pit was excavated near the rignt

bank in the portion where the river bed consists of
E::E clay (Plan No. 151). Tue pit was about 5 m
deep and nrtad a volume of 1900 m3. Eciio soundings
of the pit were made at frequent intervals between
January 12, and January 28, 1965. A section of tue

.

pit as found from two soundings at the beginning and
the end of the observation period, respectively, can
be seen on Plan No. 158. Tue two sections practically
coincide, tiue differences being no larger than could

be expected from the inevitable inaccuracies of echo
soundings on ratiier steep slopes. Tiie rate of sedi-

mentation in thiis pit was negligible,which again in

tliis case was confirmed by a skin diver, who on
inspection of tlhie test pit at the end of the obser-
vation period stated that tihe bottom of the pit con-
sisted of nard clay except for small regions near
the corners between the steep sides and the bottom,
where a ggggy material was found.

Velocities and concentrations of suspended
load were measured in the deepest part of the pit.
These are sihown on Plan No. 159, where it should be
noted that the current meter gave only a numerical
value of tue velocity, and it is quite likely that

the velocity is reversed at the bogﬁgm.

Tie concentration curve shows a constant con-
centration in the pit. Grain size distributions of
tiie suspended load were determined for three water
samples taken 30 cm above tiie bottom of the pit.
Tuese are sunown on Plan No. 121. PFrom these it can
be seen that aout EO% of fie suspended load cons}§£§
of sand, (D 50% = 0.07 mm), the remaining is silt. /
SIS s

As in test pit P2, test buckets were lowered
in the pit. Tite first time on January 22, 1965
during mean tide (i.e. between spring and neap) 6 cm
were collected in 5 hours during ebb. The second
time on February 17, during spring tide. This time
7 cm were collected in 5 uours during flood. The
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grain size of tuis material can be seen on Plan No. 122.
Tiie material collected in the test bucket was fine

sand wyitu a certain anount of silt content. The silt
nad come in mainly at slack water and could be seen

by thie layered nature of the deposit. The unit weigitt
of the deposited material was found to be about

1.4 t/m’.

——— ) !

It is indeed surprising tuat none or very
little of tne coarser fractions of the material, found
in tue samples of suspended load from tidis test pit,
as well as in tue material deposited in the test
buckets, was deposited in the pit. The lack of sedi-
mentation in test pit P3 may to some extent be explained
by the fact that its width (parallel to the tunnel
axis) was very small, which would influence tiite uLydraulic
conditions in tue pit.

Both test pit P3 and test pit P2 indicate tuat
tite rate of sedimentation in tue tunnel trench will
decrease considerably as the trench gets shallower.by
sedimentation,

L.
we,




6.0

MODEL TESTS.

i

General. "

In the course of the investigations the flow
pattern in thie trenclt was studied in a small two-
dimensional scale model of tiie trench. These tests
were made partly as a preparatory work in connection
with possible turee-dimensional model tests to be per-
formed at the Waterbouwkundig Laboratorium in Borger-
hout. In the end the tests in Borgerhiout had to be
given up, and tue two-dimensional tests therefore
form tlie only experimental data available for tue
description of tue flow pattern that will be encoun-

tered in the trenci.

Titere will, undoubtedly, be some tiree-
dimensional effects in the trench, whichh - as it is -
remgin unknown. Sucli three-dimenaional effects are
likely to be generated by the varying deptiu of water
along the tunnel line as well as by the curvatures
of the river on botit sides of the tunnel line.
However, it is felt that such three-dimensional
effects are untikely to be so strong as to be of

significant importance with regard to tue sedimente-

tion problemn.

Thne influence of tlie access trench on tie
flow conditions and the sedimentation in the tunnel
trencit has not been studied and may be of some im-

portance.
B,

Model Scales.

. Tie test series included tests on trench

sections and on a section of test pit P3. Tiie models
of tiie tunnel trencit were all to a scale of 13150

27

witile tite model of the test pit was to a scale of 1:100,
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The model tests were performed by Mr. H.
Jongedijk of Christiani & Nielsen in our 10 cm flume.

Results of tirree of the model tests are suown
on Plan Nos, 171-173,

General Flow Pattern in the Trench.

The flow of the river remains unchanged un-

til it arrives at the upstream edge, "the leading

edge", of tue trenchi. Downstream of tite leading edge

the flow can be divided into three different zones.
(see Plan No. 170).

In thie uppermost part of the flow the current

velocity is practically constant over the vertical.

Below tuis tuere is a wedge-shaped region with a

norizontal plane of symmetry and witn its apex at

tiie leading edge of thie trencui. The lower boundary

of tuis region is defined as tne line above whicli tue
discharge remains constant. Within tue wedge tne

velocity decreases gradually, almost linear, towards

tne lower boundary. This is a zone of so-called free

turbulence, in whichi tiie turbulence is not generated
L SR

along a fixed boundary but turough tue velocity dif-
ferences between the passing flow and the water below
thie wedge wniicn, on the average, is stagnant.

Below tue wedge the mean motion of the water

in the trench is one of a large vortex rotating slowly

about an axis parallel to the centre line of the

tunmel. Near thie bottom of the trenchh the flow in the
vortex is in tite opposite direction to that of the
river flow. At the upstream side of tiie trench the
flow in the vortex is upwards, and at the downstrean
side downwards. Tihe turbulence constantly exchianges

water between tiie top of the vortex and the zone of

free turbulence.

Wnere tue flow within the wedge of free tur-
bulence hits tiie downstream =lLope of tuhe trench it
is deflected upwards giviug rise to considerable up-~-
ward velocities,
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6.3 Test Results.

Plan No. 171 suows the results of a model test

on the Boom clay section of the trenchi. Velocities

were measured at a number of points along different
verticals. Tliese measurements are plotted on tiie ver-

ticals. Tuhe velocities suiown are tne prototype velocities

ané are tne maximum velocitics during a spring tide.

From the plan it is seen that thue velocities
measured conform quite closely to tue general flow
pattern described above, although the line separating
thie zone of free turbulence from the vortex beneath
can only be found through calculation from the veloci-
ty profiles.

The velocities in thie lower part of tie vortex
are of the magnitude of 0.4 m/sec, or about 20% of the

L

maximum velocity in thie river. At vertical 2 and at

vertical 7 the velocities in the vortex are respecti-
vely upwards and downwards. Since tue current meter
was placed to record uhorizontal velocities it did not
in these verticals measure tue maximum velocities in
tue vortex.

Vertical 8 shows an interesting picture. Near
tue bottom of the vertical tue velocity is 0.4 m/sec.
in tue direction of the river flow. The absolute magni-
tude of the velocity at this point is somewhat larger
tuan 0.4 m/sec.as the velocity is inclined upwards. The
velocity gradient at thiis vertical is much steeper than
that in the vortex itself. One would tuerefore expectd
little sedimentation wien thie trench is filled to the
level indicated by tuie lower end of this vertical (about
6 m above tue bottom of tihe trench). The point of stag-
nation, which separates tiie upslope flow from the down-
slope one, is located somewhere between the bases of
verticals 7 and 8.

Plan No. 172 gives the results of a test with
a trencii profile in the sand bed section. Wnile the
trench in tlie above-mentioned model 1ad a bed of smooth
siieet metal, the sheet metal for this particular . test was
coated witli sand.




Tue general picture of flow _remains tue same
e -

as in the previous test. The velocities at tlie bottom

of the trench are somewhat lower, only about 12% of

tiie maximum velocities in the river. An interesting

proint is tue formation of a small vortex on thie upstrecam
side bencii. Tue velocities at the bottom of tuis vortex
are opposite to tie direction of the river flow. Because
of tuis, small plastic spueres dropped in the flow tended
to collect at a point somewniere near tie upstream edge of
this bencl:.

Tiie point of stagnation on the downstream slope
is located somewhiere between verticals Nos 12 and 18.
Titis point is considerably niguer than tuat in tiie Boom
clay section.

Tiue velocity measurements made in the model of

tést pit P3 are suiown on Plan No. 173. The velocities

on tuhie downstream slope of the test pit are considerably

larger than in thie tunnel trencnn. There is nardly any

staticnary vortex, and tue small vortex tunat exists is
confined to tiie upstream slope. Tue point of stagnation
is near thie bottom of tue test pit.

In addition to the results of tuie tests enclosed
with tuls report, some édditional tests, witii different
velocities, water levels etc., were made, all of wnich
indicated tue same general picture.
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e ANALYSIS OF THE SEDIMENTATION PROBLEM.

7.0 General.

ey I e

From tlie preceding description of the investi-
gations performed it is abundantly clear that the

problem of thue sedimentation that will occur in tue

tunnel trench is an extremely complex one. Tune

decisive magnitudes, i.e. the current velocities and
tiie concentrations and grain sizes of tiie transported
material, vary witn the height above the bed and from
point to point along the tunnel axis, especially from
the Boom clay section to the sand bed section of the
river. They also vary strongly within the tidal
period, from spring tide to neap tide and, apparently,

In addition to these very complex variations
of tuhe basic parameters, tiere are the difficulties

in establisuiing a reasonably adequate theory for tue

manner in which part of "tiie material transported by
tlie river flow will settle out in tie trenchi. To

our knowledge sucu a tueory unas not uitherto been |
establisued, let alone cnecked withi observations from
nature.

It would indeed have been desirable to inves-—
| tigate tunis problem by means of hydraulic model tests
[ if tuis had been possible. However, the problem of

produocing a representative model of such plienomena
“as the present one nas not yet been solved and there-
:fbre this line ¢f avprcacii was abandoned at an early

stage of tune investigations.

It was uoped, at a certain time, that some
check on the validity of the sedimentation calcula-
tions described below could be obtained from the
results of tie test pits. However, tue sedimentation

l witii the season of the year.
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rates observed in the test pits were so low compared
with thie calculated rates that the discrepancy could
only be referred to the fact tuat the small sizes of
the test pits cause the nydraulic picture of the flow
in thie trenci, upon wniclhi the calculations are based,
to become irreclevant witii regard to the test pits.
Tnus, tne test pits do not offer a basis for adjust-
ment of the tueoretical calculations of the sedimen-
tation, unless a more complete description of tue

hydrauvulic problem than nas so far been possible is
provided.

The situation thercfcre is that tue rate of
sedimentation in the tunnel trench will nave to be
inferred from tue various and partly insufficient
data obtained through field investigations and on
thg basis of a tuheoretical picture of the mechanism
of sedimentation, the wvalidity of which it lias not
been possible to examine by comparison with past
experience, since no sucu relevant experience has
been available,.

Sediment Transport in the River.

Sediment s transported in the river in large
quantities by tue tidal flow BZ tiile two distinctly
different mechianisms of bed load and suspended load
transport.

Tiie _bed load transport is thne transport of
sand grains rolling along tue bed in intermittent

contact eitiuer witi tiie bed or with other moving grains,
Tiiis mechanism is active only for some millimetres -

at extreme velocities up to a few centimetres - above
——
the bed.

et p———

The susvended load transport is the transport

of grains whicn are maintained in suspension by tue
turbulent mixing of water from lower strata having
greater concensrations withh water from nigher strata

of smaller concentrations. The individual particles
move reletive to the water witli their settling velocity,
but thie downward moiion causcd by the settling velocity
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is balanced by this mixing.

The transport of suspended load takes place
over the entire depti of the river, the concentrations
decreasing towards the surface.

Tiie transition between bed load and suspended
load is gradual, but it takes place within a very
short distance (millimetres or centimetres) at tue
top of tie bed load layer. Indeed, it is the magni-
tude of the bed load whicli, through this transition,

determines tite concentrations of the suspended load.

It follows from tlhie above that it is, in
principle, and also in practice, gquite impossible to
measure thne bed load directly, when there is also

suspended load of thie same grain sizes.

Tiie ratio of suspended load transport to bed

load transport varies with the grain size and with

pmmtmamny

thie current velocity. Tuus, it may be mentioned that
the bed load transport at high velocities is independ-

ent of the grain size, whereas the suspended load
transport varies strongly witih the grain size. There-
fore it is not possible to give general figures to
this ratio, but from the existing data its order of
magnitude at uigi velocities would seem to be about
20-30.

S ———

Wuen tue current velocity varies as in tue

tidal flow the bed load transport is immediately

ad justed to tue cuhanging flow conditions, wiereas

the suspended load follows only witnhh a certain time

lag because tne net upward trasnsport of material
involved in the adjustment of tiie concentrations of
suspended load takes a certain time.

In thie Boom clay section of the river the bed

load transport is much smaller than in tne sand secti-n,

because only a very limited quantity of sand is avail- -
able. Tuerefore also the suspended load transport,

especially of tuhe larger grains, is much smaller

tian in tue sand bed section.
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Mechanism of Sedimentation in tue Trench.

Tue general pattern of tiie flow of tue water
in and above tite trench: has been described above in
the section on tlie model tests. On tiie basis of
thiis flow pattern a number of important conclusions
may be drawn witihi respect to the mechianisms of sedi-
mentation in tue trenchi for bed load and suspended

load, respectively.

When tiie bed load transport on the sand bed

reaciies thie trenclh it encounters, on a more or less

gentle slope at the side bench, a region either witu
reversed flow (if the slope is rather steep) or with

a bed shear stress of oniy a few percent of tne normal
sliear stress upstream of tue trench (if the slope is
gentle). The result is that the entire bed load

transport is immediately deposited on tuis slope.

Wiien tue tidal flow is reversed, tie slope

upon wnicit the bed load transport was deposited in

the first case is now being subjected to a converging
flow with a hiigun bed suear stress, but since this flow
arrives without any bed load,material from the slone

is then picked up in a quantity corresponding to the

bed load transport capacity of the flow.

It appears from this short aralysis, that for

a very large trencii, sucu as tnat under consideration,
tite slopes on both sides of tue trencit will guickly

adjust tnemselves to an equilibrium sunape on tue

uppermost parts,in sucit a way tuat tue resulting

supply of bed load transpcort to thie trencn proper ap-

proximates to tue differencce between the bed load trans-
e~

port in thie two directions of tite flow. If suchi a

difference exists, the result is tuat one of the slopes
beconmes flatter and flatter until tne trencn nas been
filled to sucit an extent that bed load transport again
begins to take place across tue treanch, i.e. until tue
trench has becen almost completely filled up.

Calculations of the magnitude of the bed load

transport in tiic two directions indicate tiiat, except

o ——————

in rare cases with very higlhi flood velocities, the

—
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difference between the bed load transport in the two

directions is negligible, such that tiie problems arising
from this type of transport are unimportant.

[

At high spring tides the quantity of bed load
transport within nalf a tidal period may be in the
order of 2 m3/m. It is easily visualised tuat a
quantity of this magnitude withiout difficulty may
be deposited on an equilibrium slope of a lengtu of
about 20-40 m in such a way that it is removed again
during the other half of thi: tidal period, provided
the transport capacities of the two flows tally.

It is also evident from this analysis, that

the provision of side benches is a rational approach

to the problem of minimizing thne quantity of bed

load material reaching the irencli proper at any time

during its period of existar~ce.

With regard to the suspended load transport
tlie mechanism of sedimentation in the trench is com-
pletely different from tuat descrived above for the
bed load transport, except for suspended material
transported in the region of transition between bed
load and suspended load, i.e¢. for the lowest few
centimetres of the flow.

What happens to the suspended load transport

is that the balance between thie settling of tuhie grains

due to gravity and tue upward transport of greins by

turbulent mixing and concensration gradients prevailing

in the normal flow upstream of the trencii is disturbed

when the flow passes the trench, because the very higu

concentrations at the bed Hrovided by the bed load

transport in thie normal flow disappear as soon as the
R —— N r——————

flow reaches tlie slope of the trencnh or tue side bencu.
These very higu concentrations close to the bed are

necessary for tlie maintenance of tuis balance, and

when thiey disappear the suspended material begins to

settle into tie vortex region of the flow in tue

trenci:.
p——

Since tie settling velocities of tue largest
suspended grains are of the order of magnitude of l‘EP/S
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and the grains travel with tic current velocity of
the order of 1 m/s, it is quite clear that tuis
settling out of suspended grains will take place

over thie entire widtir of the trencii.

It is also evident that there is no uope of

designing any means by which tuis settling out of

suspended grains might be prevented.

Wnen suspended grains have entered the vortex

s

region in the trench they will, on the whole, statis-
A Ee———

PsvETES S

tically remain in tuhils region, participating in its

mean rotatory motion and settling turough the water

with nearly tunc same settling velocity as in still

water.

——

sucls i re sand errains (an oc-—-
If grains ar A prad d not f1l

culated clay particles) they will, after havin
finally reached tie bted, remain on tne bed, dbut pos-

sibly withh a slight motion {as bed load) in tilie oppo-
site direction of tlhie flow in tue river, so long as
the trench is deep. There is nc possibility of such

grains being brought info suspension again by fue

flow occurring in tne deep trencu.

If the entire flow picture, incluvding the
intensity of turbulence as described by tue eddy dif-
fusion coefficient at all poirts in and above tlLe
trencit were knowr, it would, in principle, be vossible
to0 devise a complete and accurate calculation of this
sedimentation process for given concentrations and
grain size ddstributions of suspended load in tue un-
disturbed river flow. The solution of +tnis problem
is, however, only now bheginning to become witihiin reaclu,
and it has, for tue present purposes, only been pos-
sible to deal witnh this problem with the help of
certain simplifying assupntions,

In conclusion, it may be stated tuat the bHulk

of tiie sedimentation tuat will occur in tihe trenci.

will take place turougn sedim-ontation of suspended

load in the manner described qualitatively above.
E—

The approximative calcalation of thic sedimentation
according to thiis process has been described in the

following section.
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8.0

BASIS OF SEDIMENTATION CALCULATIONS.

General.

Tne grain size distribution curves and concentra-
tions of suspended load measured one metre above tue bed

at Cq and C3 were used as a basis for computing rates of
sedimentation at these positions in tuhe tunnel trencu.

Tune sedimentation at any given time was calculated
by considering eacn of eleven different grain sizes sepa-
rately. Integration over tue tidal period and a sumia-
tion of all the grain sizes tuen gave the total rate of
fatlout for tue period of measurement.

-

In order to construct a theoretical model for the
calculations the following assumptions were made: -

1) A wedge of free turbulence extends across the trench
starting from tue upstream corner, with its upper
and lower bounds sloping at 1 in 20 to the nori-

L e
zontal.

2) Below the wedge the velocities are so small sunat
thie suspended sediment settles to tune bottom with

tite same velocity as in still water, i.e. according
m
to Stoket's Lew.

3) Above the wedge the flow is undisturbed and the
velocities and concentrations are tue same as

those in the flow upstream of the trench.

In the undisturbed flow a logaritumic velocity
profile was taken. The concentrations of any given grain
size were given by tue formula -

v
~ S
-} D~y ., & 1047
ey " = £ (1)

wnere

C = concentration of suspended grains of a certain
size at a heigit "y" above the bed.

C.= concentration at a reference level, ueignt "a"
above tue bed.




D
e 1l

water deptu.

it

settling velocity of the grain size under
consideration.

Vf= snuear velocity.

Considerations of the roughness of the river bed

showed that Vf was approximately equal to 0.05 V, and
tuis was used througiout. (V = mean velocity of tidal
flow upstream of trench).

Preliminary Calculations.

Preliminary calculations were first made using tue
metiiod described in tue report of June 1963. Inside the
wedge tie eddy diffusion coefficient was taken to be
e =0.0014 7V x ')

(x is tue distance from the leading edge of the excavation).

Here, it was assumed that tiuie rate of settling

would eqgual tuhe rate at which material is lifted up by the
turbulence; thus

_ . &c
Integrating tunis expression and putting y = - %5
along tie lower plane of the wedge and y = + %5 on tiie
upper plane gives f Ve
01 - 02 GLO.O14 v ¥, (2)
where e = Base of natural logarithm

C1 = concentration at tue bottom of
thie wedge.

02 = concentration at the top of
thie wedge.
Together eqs. (1) and (2) give an explicit expres-
sion for calculation of C1 at any horizontal position,
for a given concentration in tiie river upstream.

The width of tlie trencu was divided up into five
equal sections. Values of C1 at tuie centre of eacu
section were calculated and multiplied by the settling
velocity and the width of the section, to give the rate
of sedimentation per unit width of trench.

1) H. Sculicnting: Boundary Layer Tueory.
Pergamon Press. 1955.
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Improved Calculations Taking Account of Continuity.

In thhie above procedure tiie quantity of sediment
falling into tiie trench was assumed to be small com-
pared to the total transport of tue stream. Thus the
concentration calculation a+ any section was not af-
fected by tuie gquantity of fallout in the preceding
section.

For some grain sizes it was found that the fall-
out in the trench was a significant portion of the to-
tal transport of the river. Disregarding the horizon-
tal continuity did not therefore give a true picture
of the type of material being sedimented, or of the
distribution of sediment across tue trencu. It also
gave an overestimate of tue total answer to tue order
of 25%. Because of tidis t@grmethod of calculation was
altered to take account of continuity, making the fol-
lowing assumptions: -

1) At any section the concentration over tue wedge |
is constant in the vertical direcction.

2) Abvove the wedge the velocities are tue same as
in tue undisturbed stream witi a logarithmic
velocity profile, and tiie concentrations are
given by Eq. 1.

3) Tue deptu is constant and equal to 10 m.
Tiie procedure for tne computations was as follows: -

a) Tue widtnu of tue trench was divided into ten sec-
tions, tihie lengtiis of thie sections being small
near to tne leading edge, and gradually larger
across thie widtlh. Plan nos. 163 and 164 show
the sizes of tiie sections used. Over the first
section the concentration was constant in tune
uorizontal direction snd over all the other sec-
tions the wvariation was linear.

) The metiod of Einstein2) was used to calculate
tite total transport of suspended sediment for
tite incoming stream and the transport above “hc
wedge at tue end of eacn section,

2) H. A. Einstein: Tiuce Red-Load Function for Sedimecnt

Transportation in Open Channel ‘low.
U.5. Dept. of Agriculture, 195C.
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¢) Prom continuity, the total transport of the stream
must be equal to the total transport above tiue
lower plane of thie wedge at any section plus tue
quantity tuat uhas fallen into tie trencn. The
transport wituiiin the wedge is equal to the mean
wedge velocity times thie concentration and nence
it was ©possible to calculate tue concentrations
in tue wedge.

d) The rate of sedimentation was found by multi-

plying the wedge concentrations by the settling
velocity and tue width of tite section.

Using tiliis metihiod the computation proceceded step
by step commencing at the leading edge and working

across tne trencii.

A typical example of tue rate of fallout across
tite widti: of the trencu is shown on Plan nos. 163 and 164.
Tue times at wnicu tue greatest rates of sedimen-
tation occur (relative to uigh water) can be seen on
Plan No. 165 for Cz Spring Tide.



9, RESULTS OF SEDIMENTATION CALCULATIONS

9,0 Summary of Comvuted Resulits

The following results give the quantities of
sediment deposited over one tidal period in kg per meter
length of trench. '

Grain Size O3 Spring 01 Spring 03 Neap
mm
0.14 4751 0 757
0.115 4146 965 1323
0.09 1310 717 396
0.07 785 542 213
0.055 2477 17T 85
0.045 160 105 57
0.035 137 68 39
0.025 61 33 25
0,014 38 11 12
0.008 9 2 1
Total 11644 2620 2908

These guanvities are deposited across the trensa

as follows:

Width of
Section 03 Spring C1 Spring 03 Neap
m
Pog. #0 1 382 62 138
ol Sl 2,2 703 129 234
Pos, 2 2.8 538 . 136 188
RPos, £3 4 729 158 204
Pos. 4 10 1502 329 _396
3954 1163

Pos, 5 12 14580 333 366
Pos. 6 8 882 202 208
PRI 20 1987 469 452
Pos, 8 20 1753 420 383
Pos. 9 20 1578 332 336
Total 1C0 i 11644 2620 2908

By comparing the above results with those of the
preliminary calculations it was possible fto arrive at an
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approximate figure for the fallout at C1 (Neap Tide)
without modifying the calculations to take account of
continuity.

The total sedimentation for C1 Neap was esti~
mated as 600 kg.

Adjustments for Different Widths of Trench and for
Effect of Side Benches

The above calculations are based on a trench
100 m wide at the top. However, the width of the trench
in the Boom clay section is only 90 m, the adjustment
for which is made below, -

In the sand bed section the width at the top of
the trench is considerably larger, owing to the flatter
slopes in the sand, as well as to the side benches at
the top of the Boom clay.

FProm the distribution of the calculated sedi-

mentation it appears that a considerable part of the

sedimentation will take place on the slopes and on the

side tenches, However, when the flow is reversed with

the tide, cerosion will take place on the upper part of

the slope and on the river bed adjacent to the slope,
The result of this and of the deposition on the side
bench is that the slope is quickly flattendd out until

it reaches a temporary equilibriuwn whereby the material

deposited on the slope during the period with one flow

direction is largely removed during the following neriod

with the opposite flow direction, Also, in the begin-

ning, the edges of the trench move quickly away from
the trench on both sides,

The equilibrium thus reached for the slopes is
temporary because, in the end, the slopes will disappear

"~ as the trench is completely filled up,

During the period elapsing beforc the slopes have

rcached their temporary equilibrium, part of the material
which in the calculations has been found to scttle on the

slopes or on the sidc benches may in fact slide down into
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the trench proper., On the other hand, the fact that the
edges of the trench in this period arc moving away from
the trench will tend to reduce the rate of scdimentation
in the trench proper,

e

On the basis of this reasoning it has bcen found
most rcasonable to disrcgard the sedimentation on the
slopcs and on the side benches when caleulating the rate
of sedimentation in the trench proper. Thus, the fol-
lowing rates of sedimentation for the trench proper are
arrived at:

C1: Boom clay scction

Trench width: 90 m (width below wedge ~ 85 m)

Spring: 2620 - 382+ 42 = 2340 kg/m per ide

Neap: 600 - %%28 = 520 kg/m per tide

Average sedimentation in trench: 2860 xg/m ver day

e
-

Cz: Sand bed scction

Trench width at level of river bed: 140 m
Trench width at level of Boom clay: 90 m (below wedge ~ 90 m)

Spring: 11644 — 3954 -. 1490+ 25 + 1578 = 8650 ke/m per tide

1}

T
Neap: 2908 - 1163 ~ 366 =5 + 336 = _193Q ka/m per tide

Average sedimentation in {trench proper: 19580 kg/m ner day

Allowing a rcduction of aV¥out 20% for the decrecasc in the
concentration along the length of the trecnch (sce cxpla-
nation in section 9.2 below), the nct rate of scdimenta-
tion in the sand scction becomes 0,8 - 10580 = €450 kg/nm
Serer———

e t———
per day. o

IThese figures refer to winter conditions?

——

Adjustment for Variations Alors the Trench

Concentrations and grains size distributions of
the suspended load vary along the length of the trench,
partly owing to the difference in bed material (Boom clay
or sand); partly owing to the variations in current v:loc--
EEEE? as iace depth changes.




Of these variations it has only been possibie to

investigate the variations in grain sizc distributions
from the Boom clay scction to the sand bed section,
whereas the variation in grain size distribution owing
to different current velocities within the sand bed
section had to be neglected in the field investigations.
However, it is known that théﬁgrain sizcs of the sus-

pended material in verticals with lesser depths will be

smaller,

If the variations in grain size distributions

within the sand bed section are neglected, the scdimen-

tation will be approximately proportional to the con~

centrations of the suspended load,

Plan 103 shows a typical variation of concentra-
tion along the length of the trench. Integrating this
concentration curve over the entire length of the sana
bed scetion, from a point betwecn C1 and CE to the left
bank, we arrive at a mean concentration of about 1.1 g/1l.
The coﬁbentration at C3 is 1.3 g/l. The mean concentra-
tion is thus some 20% lower than the concentration at 03,

Adjustment for Scasonal Variations

Plan 102 shows the variation of average concen-—
trations measured 1 m avove the bed, and Table 2 beclow
contains a number of such averages on the basis of which
the ratios between these averages for different times
of the year have been calculated.

In the table all values except onc of the lines
for C2 Spring refer to only a limited part of the tidal
period, viz., from onc hour before HVW to four hours after
Efg. This was the period covered by the measurcments of

concentrations and grain size distributions of the sus-

i pended load in the winter measurcments 1965, and the

grain sizec distributions found lcad +to the result that
a major part of the sedimentation in the trench occurs

withnin this period,

et r—— e e
S ——
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Table 2: Correction PFactor for
Seasonal Variation in Concentrations

Mean conc;ntrations Concentration Ratios
A . 1
Verti-| Tide A 2

: Cone, July | Gone. Oct.

cal July Oct. Feb. TR | e TR
C, Spring - 1.18 0.45 - 2,6
01 Neap - 0.45 0,18 - 2.5
65 SliSpiing® | 10,53 ez &6) 55 4.0 3.5
Cs Spring 1.42 1.71 0.46 3le | 3.7
C3 Spring 1.38 1.24 0,90 1o 1,3
03 Neap - 0.42 0,32 - 1.3

*Phis line covers the entire tidal period.

It will be seen from the table, as well as from
Plan 102, that there is a considerable variation, poscibly

of a seasonal nature, in average concentrations in verti-

cals C1 and CQ, whereag the variation in vertical 65 is
rather small. When considering these results i1t chould
be mentioned that the soundings made in connection with
the test pit P2 have shown, that the sand bank in the
winter period had been eroded appreciably, as has been
indicated on Plan 101. Because of this, it is not
entirely impossible that the small concentrations observed
in the winter measurements at 02 may be caused verily by
this vertical being placed at that time on a clean Boom
clay surface or, perhaps very near to the limit of the
sand bank. On the other hand, in the second spring tide
in which measurements weres made at C2 during the winter
period, this vertical was moved approximately 25 m
towards the left bank in order to ensure that it was
located over the sand bed. In spite of this the concen--
trations observed remained very low,

On the whole, it seams very difficult to explain
the rather low values observed in the winter neasure-

ments without allowing for a certain seasonal variation.

On the other hand, a seasonal variation in the obserwcd

direction, i.e. vith small conceatrations in the wintexr
period, is also difficult to account for, because one




would normally expect the lower temperature of the water
in the winter to _give rise to higher concentrations.

On the basis of the figurecs given in the above
table one may expcet the concentrations in the summer
season to be between 1.5 and 2.5 times as high as in
the winter period. On this basis the rates of sedimen-
tation for the summer arec expected to be:

|

that the grain sizc distributions measured for the win-

Boom clay section: Between 4 and 7 t/m per day
Sand section: Between 1% and 21 t/m per day

The above figures are based on the assumption

ter conditions remain representative for the summer con-—

ditions., This is perhaps not so unreasonable, but the
very fact that there scems to be a seasonal variation
could hardly be explained in any other way than by
assuming that, under summer conditions, there is a higher
content of flocculated grains with settling velocities

in the same range as that of the fine sand and the coarse
silt grains which constitute the major part of the sus-
pended load in the winter observations, The prescnce

of a high content of flocculated grains misht influence
considerably the gecotechnical propertics of the deposits.

46
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10.1

4T

GEOTECHNICAL PROPERTIES OF THE DEPOSITS IN THE TRENCH.

General. .

Tuue geotechinical properties of the deposits are
of primary importance for tiie problem of selecting

suitable metitods for the removal of deposits prior to

tiie sinking of tue tunnel elements.

The geotecunical properties of such deposits,

sucu as tueir unit weight and shear strengti, will
depend primarily on the relative content of fine silt
and clay particles., If these grain sizes represent
more than about 5 percent of tue material (by weigit),
tite deposit will have the c¢naracter of mud, even if

the bulk of tie material consists of sand particles.

In this respect it makes no difference wnetner tne clay
is flocculated or not. The flocculation is important
only for tue rate of settling of the clay particles.

It follows from tiie above that in order to
evaluate the geotecihmical properties from the grain
size curve of a given material such a grain size curve
snould be determined withh the use of a deflocculating
agent, because this alone will show the true content
of particles of fine silt and clay.

Grain Size Distributions of the Deposits.

Tiie probable grain size distributions of the
deposits may - for winter conditions - be found from

the results of the sedimentation calculations. These
theoretical grain size distributions have been plotted
on Plan No. 124 for turee different tides for which
thie grain size distributions of the suspended load have
been determined in the field investigations and used

in tuie calculations.

Wien considering these grain size distributions




it should be remembered that the grain sizes used have
been determined w 1 t i1 o u t +the use of a defloccu-
lating agent, because it is the settling velocities of

thie flocculated grains that are decisive for the sedi-
mentation. ' '

Curve 1 on tuis plan represents the material
that will be deposited in the Boom clay section of tue
trencn. This curve may be compared witn eithier of tue
curves 2 and 3 on Plan No. 122 representing the material
deposited in a test bucket in test pit P3. In tuis
comparison it suould be noted tuat the upper parts of
tite curves on Plan No. 122 nhave been determined by
means of sieve analysis. Tuie coarse grains found hereby
consist to a large extent of organic particles with
much lower settling velocities than those of quarts
grains with the same grain sizes. Therefore, on Plan
No. 124 tuese grains would not be represented as coarse
grains, since the curves on Plan No. 124 are based
entirely on settling velocities.

Witit these remarks in mind, the agreement between
curve 1 on Plan No. 124 and especially curve 2 on Plan
No. 122 is very good. 1In fact the difference between
tnie two curves practically disappears if curve 2 on
Plan No. 122 is shifted to the right corresponding to
an increase in grain size of 0.01 mm. '

Tne material described by tihe grain size curves
on Plan No. 122 was a soft sandy mud, as may be expected
from the 5% criterion when considering the grain size
curve on Plan No, 122 determined with the use of a de-
flocculating agent (curve 1). Tuhe real consistency of
tne material cannot be detected from eituer of tue
curves 2 or 3 on Plan No. 122, and still less from
curve 1 on Plan No. 124.

From this it is clear tuat considerable caution
shhould be exercised when inferring the texture of the
deposits from tue grain size curves found in thue cal-
culations and sliown on Plan No. 124.

Cn Plan No. 124 therc is a marked difference
between the curves 2 and 3 representing tue deposits
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expected in the sand bed section and curve 1 represent-
ing the Boom clay section. A similar difference was
observed in the character of the material caught in the
buckets, whicki was considerably more "muddy" in P3 tian
in P2, tue latter being described by the observer as
being sand, but not guite clean sand. (Unfortunately,
the sample taken in this manner from P2 was lost

before a grain size curve was determined.)

From tiie grain size curves on Plan 124 it would
appear tiiat the relative content of fine silt and clay
particles to be expected under winter conditions in
tiie sand bed section is only some 40 percent of tue
relative content of such particles in the deposits in
tlie Boom clay section. This and tuhie result of the
bucket tests indicate thiat tuiere will be considerable
difference between tiiec properties of the two materials.

Expected Unit Weight and Shear Properties of the Deposits.

On tiie basis of tue ahove considerations the
deposits in tue Boom clay section are expected to nrve

thie character of a sandy silt (mud) with a unit weigit
of about 1.4 t/m3 (subrmerged unit weight 0.4 t/m3).
Tiie shear strengtus of the material will be small, hut

\a

owing to its relatively small submerzed unit weignt,

thie material will nevertiueless be able to form fair y

steep, stable submerged slopes.

Because of the uncertainties inherent in tue
grain size determinations there is a possibility that
tnie deposit in Tthie Boom clay section may be a silty
sand with a somewnat higher unit weigut than 1.4 t/ms.

In tue sand bed section tue deposits will have

tiie character of a (sligutly) silty sand. The unit

~ weight will be somewhat larger than that of the deposits

in the Boom clay section, but not so large as tue unit
weight of a clean sand. The unit weigit is expectied to
be about 1.6 - 1.7 t/m>.

Withh regard to shear properties this deposit will

probably have the character of a frictional material
with slignt cohesion. It will probably nave a flatter

atable slope than the material in the Boom clay section.
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