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SYNOPSIS

Soft fine-grained dredged material will be stored in a man-made basin, to a depth of 40 m. To predict

the behaviour of the deposit a numerical consolidation model is developed. The model is one-dimensional and is based
on the conventional small strain theory with adaptations for a non linear stress-strain relationship and variable
soil properties. The small strain theory can be used to predict large strain if the consolidation parameters are

derived from tests with large strain.

Compression tests are carried out to obtain the soil parameters, both column tests on dredged spoil and oedometer
tests on remoulded material. Because of the fixed geometrical boundaries of the model all parameters are transformed
to the start of consolidation. A field study is carried out using the present model. Agreement between predicted and

measured surface elevation is good.

INTRODUCTION

To maintain the harbour of Rotterdam to the required
depth over ten million cubic metre of soft fine-grained
material is dredged yearly. This lightly polluted
dredging spoil used to be stored in containment areas
on land or dumped in the North Sea. For ecological
reasons this way of storage is not acceptable anymore.
Rotterdam Public Works and the State Department of
Public Works are studying the possibility and effects
of dumping the spoil in a large man-made basin in the
coastal area. This basin should be sufficient for
fifteen years of spoil storage.

An important part of the study is the prediction of the
consolidation of the spoil both to determine the
required dimensions of the basin and the amount of
extruded polluted pore water.

The spoil is brought into the basin as a viscous mixture
with a known density. After sedimentation the self
weight consolidation starts, followed by the
consolidation under the weight of later dumped spoil and
secundary compression. In this paper sedimentation and
secundary compression will be ignored. The most
important characteristic of the consolidation of
dredaing spoil is the large strain. This aspect will be
discussed first, then the parameter investigation and
the numerical consolidation model for soft dredged
material will be presented.

NON LINEAR AND LARGE STRAIN CONSOLIDATION THEORIES

The classical consolidation theory (Terzaghi, 1923)
assumes a linear stress-strain relationship and constant
permeability. For oedometer boundary conditions, a
constant total stress and uniform initial excess pore
pressure, the governing equation is:

w2
ot i 12
Terzaghi's solution gives the degree of consolidation U.

Several authors have extended the classical theory to
take into account the variation of compressibility and

(1)

permeability during consolidation. Davis and Raymond
(1965) proved that also with a logarithmic stress-
strain relationship the Terzaghi's solution predicts
the degree of consolidation correct but not the rate
of dissipation of excess pore pressure. These
adaptations of the classical theory for non Tinear soil
behaviour are based on fixed geometry. This assumption
is in error with the large strain. Gibson et al (1967)
and Lee and Sills (1979) removed these limitations.
Gibson et al developed the finite strain theory using
a Lagrangian co-ordinate system defined in terms of
material boundaries. Lee and Sills start from an
Eulerian co-ordinate system which is fixed in space
while the boundaries of the soil will move by the
progress of consolidation; this is the moving boundary
approach.

Lee and Sills (1979) showed that the results of these
theories agree with each other and that the calculated
degree of consolidation depends on the final strain e
for a constant <y (see fig. 1).
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fig. 1 DEGREE OF CONSOLIDATION DEPENDS ON THE
FINAL STRAIN (AFTER LEE AND SILLS, 1979)

Assuming that the curve for ¢ = 0.4 in this figure
represents the result of a consolidation test, and the
coefficient of consolidation according to Taylor is
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Table 1 Comparison of different theories for ¢y = constant
Time Degree of consolidation U x 10'6
factor _ _
Cv.t e = 0.1 e =0.4
Tv= —;2— a b c d b c d
0.005 079791 087534 086034 087768 110400 111070 111704
0.01 112838 122195 121160 124122 155493 156186 157973
0.02 159577 171696 170979 175535 219523 229157 223408
0.04 225676 242031 241533 248243 310237 310780 315946
0.07 298541 319736 319364 328395 410310 410773 417924
0.10 356823 381944 381636 392497 490359 490772 499081
0.15 436950 467472 467230 480437 599924 600291 607453
0.20 504088 538982 538788 553446 689440 689778 691857
0.30 613236 654095 653982 668987 821223 821489 810022
0.50 763950 807126 807106 817826 948467 948582 927782
0.90 912023 941671 941698 944812 996513 996528 989564
1.20 958034 976468 976493 977465 997554
a - Terzaghi's solution for c_ - — e S —
b - solution of Gibson et al (after Lee and Sills, 1979) e =y A ! N
- solution of Lee and Sills e X \—2
< ; _ 2 1
- Terzaghi's solution for ¢ * = ¢ (1 +¢) \\\\\\\\\\ N
determined, a value cv* is found that does not |
agree with Cys corresponding with ¢ = 0.01. i : )
\ \
If next the degree of consolidation is calculated using 1 '|]_1 ]7\ QS
Terzaghi's solution, with the value cv*, this U fits T e, ‘

with the solutions of the large strain theories.

This procedure is executed for ¢ = 0.1 and 0.4; the
results are compared in table 1 with the results of
Gibson and Lee. In addition the change in ¢, appears

to correspond with:

¢ =, (1+e)? (2)

Tt follows that the classical consolidation theory can
be used to predict large strain if the consolidation
parameters are determined from tests with large strain.

There is no objection to calculate the consolidation of
soft fine-grained dredged material using the classical
theory and this is preferred because of the familiarity
with the solution, the required parameters and the

rather simple numerical solution.

In addition to the large strain the self-weight
consolidation of the spoil is also characterised by a
triangular initial excess pore pressure. Taylor (1948)
gave a solution for this in case of a fully drained
condition. The degree of consolidation proved to be the
same as for a uniform initial excess pore pressure. For a
triangular initial excess pressure, drained at- the upper
boundary only, the solution of equation (1) can be derived
from the similar theory for heat conduction (Carslaw and
Jaeger, 1959). The degree of consolidation is plotted

in figure 2 as well as the solution for the fully drained
condition.

PARAMETER INVESTIGATION

Representative dredging spoil is subjected to its own
weight and an applied load. The self-weight consolidation
test is carried out in perspex columns, with a diameter
of 80 mm. Subsequently it is possible to apply a load

on the soil in the column or to take a sample out of the
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fig. 2 DEGREE OF CONSOLIDATION FOR UNIFORM AND
TRIANGULAR INITIAL EXCESS PORE PRESSURE
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fig. 3 GRAIN SIZE CURVES OF THE SEDIMENT

column for an oedometer test. In this case the sample
will be slightly remoulded. This last procedure is
preferred for the gain of time and to avoid problems
with generation of gas in the columns. Hayden (1978)
showed that there is a reasonable agreement between

both procedures. Been and Si11s (1981) showed that in
columns with a diameter of about 80 mm there is no
significant influence of wall-friction. Our tests
confirmed this.

Fifty column-testsare carried out on dredging spoil from
different locations. Besides these a number of made-up
samples with an increasing percentage of sand are
composed, in order to study the expected influence of
the sand fraction (see fig. 3).

The sample height varies from 0.2 to 0.8 m. Most tests
are drained only at the top, some at both sides. The
5ﬁ011 is introduced with a density of 1130 to 1170 kg/m3.
The rate of surface settlement is measured.



Interpretation of the column tests

If the classical theory is used all parameters have to
be related to the sample height hi‘

hi corresponds with the start of the consolidation and
is equal to the height ho at time of introduction minus

the sedimentation height Si‘

Self-weight consolidation
h; is determined according to a modified Casagrande

procedure. The analytical solution of the top side
drained self-weight consolidation shows that the degree
of consolidation varies linear with time until U = 0.3.
This differs with the standard case where the degree

of consolidation varies linear to the square root of
time. Because U = 0.3 corresponds to TV = 0.015, Si and

hi are derived from the equal settlement between
T, =0-0.07 (ty - t;) and T = 0.07 - 0.14 (t; - t,,)

(see fig. 2).
For the fully drained columns the standard Casagrande
procedure is used. Using the obtained h; the test

results show that the density at start of consolidation
o5 varies linear with the sand-fraction Z as follows:

py = 1131 + 1.82 Z (kg/m3) (3)

where Z = percentage weight > 63 um.
The degree of consolidation of the top side drained
column is determined from: (see also fig. 2)

0.294 (hy)2
o R S (4)
¥ t0.5

The factor 0.294 differs with the factor 0.197 of the
standard Casagrande procedure for determining <y

for fully drained columns under applied load.

Consolidation under applied load

¢, is usually related to the sample height at start of
the loading step. In our approach <y is related to hi’
in which hi is the height at start consolidation under

self weight.
Figure 4 shows <y plotted against the effective

stress ¢', at the end of every loading step.
The results justify the use of a constant <, during

consolidation.
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Interpretation of the oedometer tests

e

fig. 4 RELATION BETWEEN c_ AND o' FROM COLUMN TESTS

The interpretation of the remoulded samples taken from
the columns after self-weight consolidation, requires
some modification of the standard procedure. The strain
is not to be related to the height of the sample in the
oedometer ring hm but to the fictitious height hi’

which corresponds with the density at the start of the
self-weight consolidation.

This height hi is calculated from the densities of the
sample of the oedometer °m and from the test column o5

according to

_m Pw
N> ~a, M (5)

<, is also related to this hi‘
The Togarithmic compression law of Terzaghi can be

written as:
E=a * t_1 1 o' (6)
i

= 1 kPa
C_ = coefficient of primary compression

where a, = strain for o'

The test results prove equation 6 to be correct (see
fig. 5). The influence of the investigated sand
fraction is not significant.

— o (kPa)
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fig. 5  STRESS-STRAIN RELATIONSHIP DERIVED FROM
COLUMN TESTS AND OEDOMETER TESTS

NUMERICAL CONSOLIDATION MODEL

The problem described in the introduction is outlined
as follows: the spoil will be brought in in layers. The
thickness of a layer depends on the supply of sediment
and the geometry of the deposit. The soil properties
will vary for each layer.

To solve the governing equation (1) an explicit finite
difference scheme is used. The numerical treatment of
the consolidation is uncoupled; first the dissipation
of the excess pore pressure is calculated for one or
several time steps and subsequently the degree of
consolidation. The settlement of a layer under its own
weight is

t = Y1 Sy (7)

For explanation see figure 6a.

For a system with a finite number of layers the
settlement of a certain layer is determined by the
principle of superposition (see fig. 6b):
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Time: t + At

Time : t AN

fig. 6 THE EXCESS PORE PRESSURE AND SUPER-
POSITION

Uy =area (BFDC)/area (BFD), degree of consolidation
regarding the initial excess pore pressure (BFD).

s . = settlement corresponding to the total dissipation
U of (BFD).

U, = area (BCDEG)/area (ABCDE), degree of consolidation

regarding the new initial excess pore pressure

(ABCDE).

Sg2 © settlement corresponding to the total dissipation
of (ABFDE).

= realized settlement owing to dissipation of (BFDC).

sg = Uy (55 = sq) + 54 (8)

The amount of extruded pore water is equal to the
compression. The point with the maximum excess pore
pressure determines whether the pore water flows upwards
or downwards. The compression below this point corresponds
with the amount of water that penetrates into the subsoil.
In the model the consolidation parameters or the void
ratio can be varied with the degree of consolidation. A
non linear differential equation can be avoided by
defining the process again after any variation of a
parameter. The Taboratory investigations show a
relationship between the Darcy-permeability and the void
ratio. The numerical model calculates the excess pore
pressure with a numerical time step At and the settlement
every N.at, for example N = 16. Then the permeability is
-changed due to the new void ratio. With this numerical
model several test columns and a recently filled storage
area were simulated. The results of the test columns

with a final strain of 0.10 and 0.35 and the calculated
values are shown in figure 7. The measured and

calculated surface elevation of the field study is given
in figure 8. The agreement is satisfying.
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fig. 7 MEASURED AND CALCULATED SETTLEMENT (STRAIN)
SELF-WEIGHT CONSOLIDATION
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fig. 8 COMPARISON OF MEASURED AND CALCULATED
SURFACE ELEVATIONS

CONCLUSIONS

i The classical consolidation theory can be used to
predict large strain if the consolidation
parameters are determined from tests with large
strain.

ii For the computation of a finite layer system of
dredging spoil with fixed boundaries all
parameters have to be related to the height at
start of consolidation.

iii With the rather simple model that was developed it
is possible to predict the consolidation of soft
fine-grained dredged material to an acceptable
degree of accuracy.
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