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Reclamation of a containment area: measurements and back analysis of the height
of dredged mud

Récupération d'une zone de confinement: mesures et analyse a rebours de la hauteur de la boue
de dragage
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ABSTRACT: The expansion project of the Port of Gaeta (Italy) included a 6 ha diked containment area to be reclaimed and
developed into container depot using fine-grained materials dredged from Gaeta’s gulf. A system of prefabricated vertical drains,
horizontal drainage pipes combined with vacuum pressure and surcharge preloading was designed to ensure both the feasibility of the
project and the future serviceability of the area. A well-structured sequence of operations was devised to increase storage capacity
during hydraulic filling. The height of the dredged mud was monitored at all stages. The paper compares Class A numerical
prediction, modified to consider the real filling procedure and construction timeline, back-analyses and field monitoring data. The
study emphasizes the importance of modelling every phase of the sedimentation-consolidation process to accurately account for the
change in volume of the dredged material, and shows that even a relatively simple numerical model can be used to this aim.

RESUME: Le projet d'agrandissement du port de Gaeta (Italie) comprenait une zone de confinement de 6 ha pour étre récupérée et
transformée en dépdt de containers en employant matériaux a grains fins dragués dans le golfe de Gaeta. Un systeme de drains verticaux
préfabriqués, de tuyaux de drainage horizontaux combinés a la vide et a la surcharge a été congu pour assurer a la fois la faisabilité du
projet et future état de fonctionnement de la zone. Une séquence articulée d'opérations a été développé pour augmenter la capacité de
stockage pendant le remplissage hydraulique. A chaque étape des opérations, la hauteur de la boue de dragage a été surveillée. La
prévision numérique de Classe A a été recalculée, en tenant compte des taux de remplissage réels et du calendrier de construction, et
comparée aux données de surveillance. Des analyses a rebours ont été effectuées pour améliorer les prédictions numériques et la
connaissance des phénomenes. Le document remarque l'importance de modéliser chaque phase du processus de sédimentation-

consolidation pour bien envisager le changement de volume observé par le matériau dragué.
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1 INTRODUCTION

The expansion project of the Port of Gaeta (LT), center Italy,
included a 6 ha diked containment area to be reclaimed and
developed into container depot using fine-grained dredged
materials from Gaeta’s gulf. The completion of the filling
works was a great challenge as the Port Authority required
immediate seabed dredging to render the new Cicconardi pier
fully operational even though the existing containment area
(300’000 m?®) was limited in respect to the dredging volume
(366’000 m’). A system of prefabricated vertical drains,
horizontal drainage pipes combined with vacuum pressure and
surcharge preloading was designed to ensure both the project’s
feasibility and the area’s future serviceability. As the volume
available in the existing containment area — already increased
by the super-elevation of the embankments — was limited in
respect to the dredging volume, a well-structured sequence of
operations was devised to allow the drainage system and the
vacuum consolidation system combined, to increase the storage
capacity via the acceleration of the consolidation processes and
the boost of effective stresses in the dredged mud during
hydraulic filling (de Lillis and Miliziano 2016).

The dredging operations were completed in May 2016 and
the entire dredged material was successfully deposited in the
containment area. The settlements of the foundation soils and
the height of the dredged mud were monitored at all stages.

Class A numerical prediction was recalculated to account for
the real dredging speed and construction times, that were
different from those hypothesized at the design stage.

To achieve a better agreement with the field data, a series of
back-analyses were carried out investigating the influence of
the appropriate choice of the void ratio-effective stress and void
ratio-permeability relationships, extended to high void ratios, in
modelling the evolution of the phenomena.

The study underlines the importance of modelling every
phase of the sedimentation-consolidation process to accurately
account for the change in volume experienced by the dredged
material, especially where there is a lack of adequate
containment areas.

This study focuses on the variation of thickness of the
dredged mud during and after hydraulic filling; the settlement
of the foundation soils will not be discussed.

2 ANTE OPERAM STATE AND SOIL PROPERTIES

The containment area is located in the commercial port of Gaeta,
behind the newly constructed Cicconardi pier. It has a
trapezoidal shape and extends over 6 ha and is designated to be
used as container depot. The perimetric dikes have been
recently super-elevated to a height of 6.5 m asl. and the
spillways are put at 6 m as.l. (above sea level). The
containment area is filled up to 1 m a.s.l. with fine-grained
dredged materials, still undergoing self-weight consolidation
processes, resulting from a prior dredging campaign which took
the seabed to the actual depth of -10 m a.sl.. Thus, the available
volume is roughly 300’000 m?.

The foundation soils are made of compressible normally
consolidated clayey silt, alternated with quite dense sandy soils.
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An extensive investigation campaign was carried out to
study the relevant physical and mechanical properties of the
superficial layer of the seabed, which had to be dredged to a
depth of -12.5 m a.s.l.. The dredging soil is a fine-grained,
normally consolidated, sediment with very low consistency and
high void ratios, as shown in Figure 1.
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Figure 1. Physical properties of the dredging material.

Traditional in situ and laboratory tests devoted to determine
the main soil characteristics, especially in terms of
compressibility, were carried out. A series of sedimentation
tests, unusual for geotechnical applications, was added to
calibrate the numerical model to be used to take into account
the large strain consolidation of the dredged soil (Imai 1982). In
fact, when hydraulic dredges are employed, the dredged soil is
deposited inside the containment area hydraulically as a mud
characterized by very high water to solid volumetric ratios
(8+12). In this cases, an accurate design of the filling works
requires the determination of sedimentation properties of the
soil. When the containment volume is limited with respect to
the dredging volume, it is particularly important to determine
the void ratio assumed by the soil at the end of the
sedimentation process, when the consolidation stage has yet to
begin appreciably. This information can be used to calibrate the
compressibility law at low stresses (high void ratios) and to
determine the volume assumed by the dredged mud after the
deposition in the containment area.

Sedimentation tests were carried out on samples from the
dredge zone, mixed with sea water from the gulf of Gaeta, to
take into account the specific water chemistry. The volumetric
ratios were chosen to match those employed by the hydraulic
dredge.

Tests show that the mixture reaches the end of the
sedimentation process quite quickly (110+140 min) with a final
void ratio of about 4.3 (Fig. 2)

3 PROJECT DESCRIPTION

To accelerate the consolidation process of the foundation soils,
prefabricated vertical drains (spacing 2 m) were installed via a
pontoon before starting dredging. The drain length, 12 m, was
defined to allow the drains to reach the underlying high
permeability sand stratum and hydraulically connect them with
the sea level.
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Figure 2. Sedimentation test results.

The consolidation of the dredged mud is accelerated through
three horizontal drainage layers, installed from floating
platforms subdividing the dredging operations in three separate
phases of 122°000 m?® each (Figure 3). The first layer is a geo-
composite drain, placed on top of the foundation soils and
hydraulically connected to the vertical drains (Figure 4); the
second and the third layers are made of micro-fissured drainage
pipes, placed parallel to the short side of the containment area
and spaced 4 m, mutually connected through a continuous geo-
composite layer. The second and third layers are put in place
respectively after the first and the second phase of the hydraulic
filling. The installation of these drainage systems reduces the
maximum drainage path to an average of about 1 m (which
obviously reduces during the evolution of the phenomena), thus
significantly reducing the consolidation time.

The two upper drainage layers are connected to a vacuum
pump circuit (Figure 5) that reduces the pressure inside the
pipes below the atmospheric pressure, hence enhancing water
flow because of the higher hydraulic gradient. The full
operativity of this system takes a while, as the depression must
be applied in stages associated with the substantial reduction of
void ratio experienced by the dredged material in the early
stages of the sedimentation-consolidation process. Subsequently,
when the dredged mud void ratio starts to drop and the material
assumes a more closed configuration, the vacuum pumps reduce
the pore pressure, applying suctions up to 70+80 kPa.
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Figure 3. Construction phase.

This is an atypical application of the classic vacuum
consolidation technique (Chu ef al. 2000, Shang ef al. 1998)
that, integrated with the other drainage systems implemented,
allows to achieve a significant and rapid reduction in volume of
the dredged soil, which occurs while the filling works are still
in progress. This increases the storage capacity of the
containment area, thus enabling the containment area to host the
entire dredged material, ensuring the feasibility of the project.

To guarantee the future serviceability of the area, designated
as container depot and, as such, subject to design loads of 40
kPa, a surcharge preloading (height = 3 m) will also be carried
out. Since the vacuum pumps remain active until the end of the
consolidation process, the final preloading effect will be the
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sum of the surcharge preload and the vacuum pumps’ induced
suction. When the vacuum circuit will be switched off, in fact,
the pore pressure will return to a hydrostatical distribution,
causing a significant decrement of the effective stresses inside
the dredged mud, with a subsequent increment of the
overconsolidation ratio.

The surcharge will be maintained in place for 6 months in
order to achieve a degree of consolidation of about 90% (which
will be monitored measuring pore pressures and settlements).

Figure 5: Drainage layer and connections with the vacuum circuit.

The monitoring system has been active since the beginning
of dredging operations recording data regarding the evolution of
the thickness of the dredged material and the settlement of the
foundation soils through 12 especially designed settlement
gauges. These are made of two coaxial tubes. The internal one
is a long metal tube driven at least 5 m into the dense sand
stratum below the normally consolidated clayey soils. The
external one is a graduated flanged metal tube, which leans on
the geocomposite placed on top of the foundations soils. Both
tubes have an optic mini-prism on top to measure settlements.

4 CLASS A PREDICTION AND BACK-ANALYSIS

To guarantee the feasibility of the project and ensure that all the
dredging volume could be contained in the existing area, the
filling process was modelled according to the design timeline
taking into account the duration of the different operations and
the prescribed filling rate (de Lillis and Miliziano 2016).

Due to the significant variations of the void ratio of the
dredged mud in the sedimentation-consolidation process, which
induces geometrical, physical and mechanical variations, the
finite strain one-dimensional consolidation theory was adopted
(Gibson et al. 1954). The governing equation is:
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where z is the geometric variable, ps and pr are ,respectively,
the solid particles and the interstitial water density, (e) is the
permeability coefficient (variable depending on the current void
ratio e) and do'/de is the compressibility law.

Numerical analyses were conducted using the finite
difference finite strain code CONDESO (Yao and Znidarcic
1997), that accounts for the evolution in time of the void ratio
and the stress state to be studied.

The constitutive relationships, required to solve the
governing equation, are the compressibility law and the void
ratio-permeability relationship, expressed as follows:

e=A(c' +2)8 (Liu and Znidarcic 1991) 2)

k=ceP (Krizek and Somogyi 1984) 3)

where A, B, Z, C and D are empirical parameters to be

determined experimentally. The constitutive relationships were

calibrated based on the results of the previously discussed

sedimentation tests and oedometer tests. The resulting laws are

shown in Figure 6.
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Figure 6: Constitutive relationships.

The values of the empirical parameters (table 1) are
compatible with the ranges reported elsewhere (Berilgen et al
2006, Abu-Hejleh er al. 1996). When modelling the boundary
value problem, the permeability coefficient was multiplied by a
factor of 5 to account for site effects (Burghignoli and Calabresi
1975).

The evolution of the filling-sedimentation-consolidation
process was simulated in a simplified manner, dividing the
dredge mud in three subsystems corresponding to each dredging
phase. Each subsystem is deposited at the prescribed filling rate
and then subject to the load applied by the weight of the upper
subsystems and to the suction load. The thickness of the
dredged mud is the sum of the thicknesses of the three
subsystems modelled.

Since the actual filling rates and drainage systems
installation times were different than those hypothesized in the
project, the Class A prediction was recalculated taking into
account the actual dredge productivity and the actual
construction timelines. The resulting thickness evolution in time
of the dredged material largely overestimates the monitoring
data (Figure 7), especially regarding the volume of the dredged
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mud in the first stages of the sedimentation-consolidation
process.
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Figure 7: Monitoring data and back-analyses

A series of back-analyses was conducted using the same
numerical models in order to achieve a better agreement
between the numerical result and the site data. To this aim, both
the permeability and the compressibility relationships had to be
slightly tweaked.

Moreover, the in situ void ratio of the dredged material,
which has a significant effect on the whole process as it defines
the amount of solid particles to be dredged, had to be increased
from 1.8 to 2. Uncertainty regarding the determination of this
parameter stems from the difficulty of retrieving undisturbed
samples from the superficial layer of the seabed, especially
when it is constituted of recently deposited normally
consolidated fine-grained sediments with very low consistency.

In the back-analysis 1 the compressibility law was slightly
modified reducing parameter A and the permeability was
reduced. In the back-analysis 2 the compressibility law was
restored to its original form, while the permeability was
incremented at high void ratios (low stress) and slightly reduced
at low void ratios (high stress), significantly improving the
agreement with field data. The parameters modified in the two
back-analyses are reported in table 1.

Table 1. Values of the constitutive parameters.

Parameter pfel(fliiscstiAon Back-analysis 1 ~ Back-analysis 2
A 3 2.75 3
C(m/s) 3.2:10"° 1-10°1° 11010
D 43 5 6

The back-analyses show the influence of the constitutive
parameters and emphasizes the importance of a correct
evaluation of the compressibility and permeability at high void
ratios, that is in the early stages of the process (see Fig. 7).

5 CONCLUSIONS

The expansion project of the port of Gaeta included a
containment area to be reclaimed using dredged material. The
completion of the filling works was a great challenge as the
existing containment area was limited with respect to the
dredging volume.

This objective was achieved through an original design
solution which consisted in applying vacuum pressure to the
dredged mud, via the drainage system, during dredging.

The project was developed adopting the finite strain one-
dimensional consolidation theory and the constitutive

relationships were calibrated via laboratory tests aimed at
evaluating compressibility and permeability at low stresses and
high void ratios.

The dredging works were completed in May 2016 and the
entire dredging material was placed in the containment area.

Comparison with field data showed that the Class A
prediction, recalculated based on the actual filling rates
recorded during dredging, overestimates the height of dredged
mud, especially in the early stages of the sedimentation-
consolidation process.

A series of back-analyses showed that better agreement with
monitoring information can be achieved by increasing
permeability at high void ratios and decreasing it at low void
ratios.

Even though more sophisticated codes and models may be
adopted, the reported experience shows that even a relatively
simple procedure can result into very good predictions as long
as detailed characterization of soil behaviour and of filling
procedure is taken into account.
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