Beneficial Use of Dredged Marine Sediments as Backfill in Reinforced Soil Systems
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ABSTRACT

The progressive coastal and port developments world over have resulted in vast quantities of dredged
marine sediment being dumped in coastal and nearby lands. The complex nature of such sediments raises
an alarming concern regarding the environmental issues associated with dredging and subsequent dumping
of such sediments. Ports and waterways worldwide manage billions of cubic yards of dredged material
annually (Loudini et al., 2020). Dumping dredged sediment can introduce contaminants into marine
ecosystems, adversely affecting marine life and water quality. The accumulation of these sediments also
contributes to coastal erosion and disrupts natural sediment transport processes. Moreover, the poor
strength characteristics of dredged marine sediments even pose serious challenges to construction
activities. An effective reuse of dredged marine sediment as a construction material is a promising solution
to the issues at hand. The sustainable use of both geosynthetics and dredged material as backfill is therefore
imperative and can be a step towards the reduction of carbon footprint. The present study investigates the
feasibility of using dredged marine sediment treated with certain conventional binders as a backfill material.
Strength characteristics of dredged marine sediments treated with a conventional stabilizer (slag cement)
with varying binder proportions (5%, 7.5%, 10%, 15%, and 20%) under optimum molding conditions were
evaluated. The results showed improved cohesion value for the treated dredged marine sediments,
226.51% increase in the case of cement-treated sediments at a cement content of 20%. A slope-stability
analysis was conducted on the most common Limit Equilibrium methods which are incorporated in
SLOPE/W, this study investigates the feasibility of using dredged marine sediments as a sustainable backfill
material in reinforced soil systems. By analyzing slope stability under various conditions, the research
highlights the effectiveness of reinforcement, particularly in wet environments, in improving the factor of
safety. The results suggest that dredged sediments can serve as a viable alternative to traditional backfill
materials, promoting both geotechnical stability and environmental sustainability.
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1 INTRODUCTION 2019). India's dredging operations between 2013

and 2017 vyielded 359.6 million cubic meters of

The management and utilization of dredged
marine sediments, obtained through seabed
excavation during dredging operations, represents
a significant challenge in coastal and navigation
management. These operations, essential for
shipping and ecological restoration, generate
substantial volumes of material globally (Ferrans et
al., 2019). The scale of dredging operations is
considerable, with ports and waterways managing
billions of cubic yards of dredged material annually
(Loudini et al., 2020).

Global dredging volumes demonstrate the
magnitude of this challenge. European operations
generate approximately 300 million cubic meters
annually, while France and China produce 50
million and 100 million cubic meters, respectively.
The United States manages around 300 million
cubic meters (Dorleon et al., 2024), matching
Africa's annual dredging volume (Khalifa & Salem,

sediment (Bose, 2022), with major ports including
Mumbai, Odisha, and Pondicherry requiring regular
maintenance dredging (Bortali et al.,, 2023;
Dharmendra et al., 2020; Mohan et al., 2024).

The management of dredged sediments
presents both challenges and opportunities. When
deposited on land or in water, these materials
undergo aging processes that alter their physical
and chemical properties, potentially making them
suitable for agricultural applications (Benamar et
al., 2022). However, these sediments often contain
elevated nitrogen levels and other nutrients, posing
risks of eutrophication without proper management
(Ferrans et al.,, 2019). Environmental concerns
arise from improper disposal methods, which can
lead to soil and groundwater contamination
(elmoueden et al., 2021).

Stabilization techniques for dredged marine
sediments have been extensively studied, with



various binding agents showing different effects on
long-term stability and mechanical properties.
Research has investigated the effectiveness of
ordinary Portland cement, hydraulic binders, and
alternative materials such as incinerated sewage
sludge ash and silica fume in contaminated
sediment stabilization (Azhar et al., 2014; Couvidat
et al., 2016; Li et al., 2019; Silitonga, 2017).

Recent developments have highlighted the
potential of dredged marine sediments in
construction applications. When combined with
additives like fly ash and hydraulic binders, these
materials can be transformed into self-compacting
backfills (Maherzi et al., 2023). Their physical and
chemical properties make them suitable
alternatives to traditional backfill materials in public
works projects (Solanki et al., 2023). Treatment
with quicklime and Portland cement has been
shown to enhance their geotechnical properties,
making them  appropriate for  pavement
construction applications (Bortali et al., 2023). The
versatility of dredged sediments extends beyond
construction to habitat restoration, landfill liner
applications, and agricultural soil reconstruction
(Solanki et al., 2023).

1.1 Reinforced soil system

The use of marine sediment in backfill as a
reinforced soil system presents a promising
approach to address challenges associated with
traditional fill materials. Recent studies highlight the
effectiveness of various reinforcement techniques,
Stabilized soil as backfill in reinforced soil systems
(RSS) presents a promising approach to enhance
the structural integrity and sustainability of earth-
retaining structures (Falah & Muteb, 2024).Using
nonwoven geotextiles in conjunction with fine-
grained backfill can create a capillary barrier,
improving drainage and stability during rain events
(Jana & Dey, 2024).While the selection of backfill is
critical, it is also important to consider other factors
such as reinforcement spacing and the overall
design of the system, as these can further influence
performance outcomes.

2 MATERIALS

2.1 Dredged marine sediment

The collected dredged marine sediment was
found in Mappila Bay (110 51' North 750 22' East),
a popular fishing harbor in Kannur, Kerala, India.
The sediment was first allowed to air dry. As per
Indian standard procedure, the following properties
were assessed: specific gravity, strength
characteristics, compaction characteristics,
coefficient of permeability, pH, particle size
distribution, and organic content. Table 1 displays
the characteristics of the dredged marine sediment.

Table 1. Characteristics of dredged marine sediment.

Property Value/Range

Sand (%) 96.4

Silt + Clay (%) 17

Cu 2.12

Cc 1.14

Specific gravity 2.42

Classification of soil (ISC system) SP (poorly
graded
sands)

OMC -Standard compaction test (%) 16.12

MDD -Standard compaction test (g/cc) 1.46
OMC -Modified compaction test (%) 12.5
MDD -Modified compaction test (g/cc) 1.47
CBR value — Unsoaked condition (%)  9.72

CBR value — Soaked condition (%) 5.19
Coefficient of permeability (cm/s) 6.7x107*
Cohesion value (kPa) 2.14
The angle of internal friction (degree)  25.99
Organic matter content (%) 2.06

pH value 8.5
Salinity (conductivity (mS/m)) 0.166
Chloride content (Mg/L) 568.76
Sulphate content (g/L) 0.0042

Fig. 1. Dredged marine sediment.

2.2 Portland slag cement

The Portland slag cement (33-grade) used in the
study was purchased from a local vendor. Table 2
displays the characteristics of the Portland slag
cement.

Table 2. Characteristics of Portland slag cement.

Binder property Value/Range

Specific gravity 2.91
Initial 50 minutes
Setting time
Final 5 hours and 15
minutes
Normal consistency (%) 36

Fig. 2. Portland slag cement.



3.EXPERIMENTAL SETUP AND TESTING
METHOD

The specimens were produced and evaluated
using conventional techniques by the Bureau of
Indian Standards. The sediment was air-dried,
sieved using an IS sieve, and kept in airtight
containers. Experimental specimens were created
with varying binder dosages (5%, 7.5%, 10%, 15%,
and 20%). All binder combination compaction
properties were tested, and samples were made
under specific OMC conditions. The shear strength
characteristics of sediment-cement mixes were
evaluated using the Direct shear test as per IS
2720- 13 (1986).

Untreated dredged marine sediment was labeled
DM in the sample nomenclature, while C was slag
cement.

Table 3. Combination of the mix.

Material Portland slag
cement content (%)

DM -

DM5C 5

DM7.5C 7.5

DM10C 10

DM15C 15

DM20C 20

Fig. 3. Direct shear test setup.

4 MODELING AND ANALYSIS

Slope stability analysis is fundamental to
geotechnical engineering, encompassing the
assessment of a slope's capacity to withstand
various forces including gravitational loads,
hydraulic pressures, and external forces. The
significance of slope stability extends beyond mere
structural integrity, as failures can precipitate
landslides, structural deterioration, and
environmental degradation.

Contemporary slope stability analysis integrates
multiple disciplines, including soil and rock
mechanics, hydrological considerations, and the
evaluation of external influences such as seismic
activity and anthropogenic interventions.

The evolution of computational capabilities has
revolutionized slope stability analysis, enabling
enhanced precision, efficiency, and versatility.
Modern geotechnical software facilitates the
evaluation of complex slope configurations under
diverse soil conditions.

4.1 Geoslope software

GEOSLOPE, developed by GEO-SLOPE
International, Canada, represents a prominent
analytical tool in geotechnical engineering for slope
stability assessment. The software employs limit
equilibrium principles integrated with finite element
analysis to evaluate deformation and stability
characteristics of geotechnical structures. Through
its comprehensive suite of tools, known as
GeoStudio, it offers various analytical modules for
detailed geotechnical analysis.

4.2 Design setup and inputs

The numerical analysis commenced with the
establishment of the geometrical framework. The
model incorporated a slope configuration with a 2:1
horizontal-to-vertical ratio, reaching a total height of
10 meters above the underlying rock stratum. The
rock foundation was positioned 5 meters beneath
the excavation base. The complete geometric
configuration was implemented in GeoStudio
software, as illustrated in Figure 5.

Following the geometric definition, material
parameters were specified for the numerical
simulation. While the retaining structure and
foundation  parameters remained constant
throughout the analysis, the backfill material
properties were systematically varied to evaluate
their influence on system behavior. The foundation
stratum consist of weak lateritic soil, whose
engineering properties are detailed in Table 4.

Table 4. Properties of foundation soil.

Property Value/Range
LL (%) 44
PL 18.18
Sand (%) 68.39%
Silt + Clay (%) 9.5
Specific gravity 2.6
Classification of soil (ISC system) SW (well
graded)
OMC -Light compaction test (%) 19
MDD -Light compaction test (g/cc) 1.6
Organic content (%) 9.46
pH 8.62
Coefficient of permeability (cm/s) 2.43x10°
Cohesion value (kg/cm) 0.25
The angle of internal friction (degree) 21.89




Fig. 4. Weak laterite soil was collected locally.

The analysis methodology incorporated several
sequential steps for comprehensive slope stability
assessment. The third phase involved the definition
of pore water pressure conditions. The analysis
considered wet slope conditions, with the water
table positioned at 10m elevation from the bedrock.
Hydrostatic conditions were assumed for pore
pressure distribution, as illustrated by the blue
dotted line in Figures 13 and 14.

The fourth phase focused on slip surface
determination. The investigation employed the
circular shear surface (CSS) searching technique
utilizing the Entry-exit method, implemented
through SLOPE/W. The entry and exit lines are
depicted by red lines in Figures 11, 12, 14, and 15.

For slope reinforcement, a woven geotextile was
incorporated into the dry slope configuration. The
selected geotextile exhibited specific engineering
properties: 400 t/m tensile strength, contact
cohesion (c) of 3 kPa, and contact friction angle (@)
of 38°.

The investigation encompassed comparative
analysis using three methodologies: Bishop
Simplified Method (BSM), Janbu Simplified Method
(JSM), and Morgenstern-Price Method (M-PM).
The analysis framework examined four distinct
scenarios:

1. Stability analysis of unreinforced dry slope
conditions

2. Stability analysis incorporating
reinforcement in dry slope conditions

3. Stability analysis of unreinforced wet slope

conditions

4. Stability analysis incorporating

reinforcement in wet slope conditions

The numerical modeling was executed in
SLOPE/W utilizing the Mohr-Coulomb soil model,
excluding tension crack considerations. The
analysis employed JSM, BSM, and M-PM with a
half-sine inter-slice force function for comparative
evaluation.

Elevation (rm)

Distance (m]

Fig. 5. Retaining wall considered in slope/w model.

4.3 Results

The factor of safety (FoS) in retaining wall
analysis indicates the wall's stability against failure
mechanisms like sliding, overturning, bearing
capacity failure, or overall slope stability. A
geotechnical slope analysis for retaining walls
involves evaluating these mechanisms under
various loading conditions to ensure the structure is
safe.

Stability Conditions

FoS > 1: The slope is stable, with resisting
forces exceeding driving forces. This condition is
essential for safe engineering practices.

FoS = 1: The slope is in equilibrium, indicating a
critical state where any slight change could lead to
failure.

FoS < 1: The slope is unstable, suggesting a
high likelihood of failure under current conditions,
necessitating immediate intervention(Metya et al.,
2021).

5 RESULTS AND ANALYSIS

5.1 Effect of cement on compaction
characteristics

Incorporating Portland slag cement into dredged
marine sediment increased the optimum moisture
content (OMC) and slightly enhanced the maximum
dry density in standard and modified Proctor tests.
The cement particles improve the sediment's
binding properties, necessitating more water for
optimal compaction. Moreover, the cement
enhances the particle packing density, slightly
increasing the sediment's maximum dry density.
Figure 6 illustrates the compaction characteristics
of dredged marine sediments treated with cement
in both Standard and modified compaction tests.
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Fig. 6. Variation in MDD & OMC with Portland slag cement
dosage in dredged marine sediment.

The scanning electron microscopy (SEM)
analysis revealed significant modifications in the
microstructure of dredged marine sediments
following cement treatment at 5% and 15%
concentrations (Figures 7-9). The addition of
cement into the marine sediment matrix resulted in
enhanced particle packing characteristics. This
modification led to a modest increase in maximum
dry density, attributed to improved particle
arrangement and the higher specific gravity of the
cementitious material. It can be attributed to the C-
S-H and C-A-S-H formation in the soil matrix.
Additionally, the optimum moisture content showed
an increase due to the combined effects of cement
hydration and particle flocculation. These
microstructural and physical property alterations
substantially improved the sediment's engineering
characteristics, enhancing its potential for use in
construction applications.
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Fig. 8. SEM image of 5% cement treated dredged marine
sediment (28 day cured samples).
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Fig. 9. SEM image of 15% cement treated dredged marine
sediment (28 day cured samples).

5.2 Effect of cement on strength
characteristics

The angle of internal friction (deg) is decreased
and Cohesion (kPa) also increases in Portland slag
cement stabilization of dredged marine sediment.

This substantial improvement demonstrates the
effectiveness of Portland slag cement in enhancing
soil properties, and its use in construction projects
requiring stable and durable soil foundations
despite the environmental issues associated with it.

Cement stabilization of dredged marine
sediment resulted in a 226.51% increase in
cohesion and a 17.68% reduction in the friction
angle (0%-20% binder dosage). Figure 10
illustrates the shear strength characteristics of
dredged marine sediments treated with Portland
slag cement in direct shear tests.

Friction angle (deg)
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Fig. 10. Variation in Friction angle & Cohesion values with
Portland slag cement dosage in dredged marine sediment.

Scanning electron microscopy (SEM) analysis
revealed distinct microstructural evolution patterns
across untreated and cement-treated dredged
marine sediments. The untreated sediment exhibits
a dispersed matrix characterized by poor structural
organization. Upon introduction of 5% cement
content, the formation of hydration products
becomes evident, facilitating enhanced inter-
particle  bonding mechanisms. A marked
transformation in microstructural characteristics is
observed at 15% cement content, where the matrix



displays pronounced densification and improved
structural compaction, correlating with enhanced

mechanical properties and durability characteristics.

While elevated cement concentrations contribute to
superior microstructural development, this benefit
must be balanced against increased material costs
and potential environmental implications.

5.3 Effect of reinforcement in the soil system

Slope stability analysis was completed on
SLOPE/W using experimentally obtained data and
data from the literature (Ghosh & Biswas, 2012).
The input data in analysis is in Table 5 and the
output data tabulated in Table 6.

Table 5. Summary of input data of slope stability analysis.

(As per Ghosh & Biswas,
2012)

Limit equilibrium methods:
Janbu simplified Method
(JSM), Bishop simplified
Method (BSM), Morgenstern-
Price method (M-PM)

(As per Ghosh & Biswas,

Settings:

Anlaysis method

Slip surface: 2012)
Direction of
movement Left to right

Slip surface option
Tension crack

Entry and exit

option No tension crack
Materials:
Material 1 Foundation soil
Material model Mohr-Coulomb
Unit weight
cohesion (As per experimental results)
Phi
Dredged marine sediment &
Material 2 treated dredged marine

sediment

Material model Mohr-Coulomb

Unit weight
cohesion (As per experimental results)
Phi
Reinforcement (As per Ghosh & Biswas,
details: 2012)
Reinforcement Type woven geotextile
tensile strength 400 t/m

(As per Ghosh & Biswas,
Wet slope details: 2012)

The water table was
assumed to be located at an
elevation of 10 m from

bedrock
PWP conditions from  Hydrostic
Unit weight of water 9.807 KN/m3
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Fig. 11. SLOPE/W analysis using Bishop simplified method
for a dry slope without reinforcement.
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Fig. 12. SLOPE/W analysis using Bishop simplified method
for a dry slope with reinforcement.

Table 6. Output of slope stability analysis.

Factor of safety (FOS)

Situation Material JSM BSM M-PM

DM 1.446 1489  1.489

Stability DM5C 1494 1525 1.524

analysis of an DM7.5C 1.575 1.62 1.619

Unreinforced  py\110c 163 1674 1.674
dry slope

DM15C  1.643 1.688 1.688

DM20C 1695 1.769 1.767

DM 1822 1.861  1.86

Stability DM5C 1.846 1.955  1.954

analysisofa DM7.5C 1.849 1.989 1.979

Re'”‘;(l’(r)‘;eeddry DM10C  1.865 1.996 1.988

DM15C  1.872 2.003  1.998

DM20C  1.884 2.059  2.003

DM 1336 1.369  1.369

Stability DM5C 1375 1.408  1.408

analysis of an DM7.5C 1.409 1.443 1.442

Unreinforced  pyvioc 1429 1582 1.581
Wet slope

DM15C 1465 1.671  1.66

DM20C 1503 1.676 1.675

DM 1607 1707  1.707

Stability DM5C 1618 1.795 1.785

analysisofa  DM7.5C 1.649 1.812 1.804

Reinforced  pvioc 1659 1.819  1.815
Wet slope

DM15C 1.66 1.822  1.819

DM20C  1.673 1.829 1.826
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Fig. 13. SLOPE/W analysis using Bishop simplified method
for a wet slope without reinforcement.

Fig.14. SLOPE/W analysis using Bishop simplified method
for a dry slope with reinforcement.

6 CONCLUSIONS

The vital need for feasible disposal alternatives
for dredged materials and the depletion of raw
materials for different constructions and related
operations underscore the importance of this study.
With construction being a primary development
field, dredged marine sediment’s potential as a
backfill material could be significant. The study
investigates the potential of stabilized dredged
marine sediment as a backfill material in reinforced
soil systems. Following are the findings from
present experimental and analytical work.

e Portland slag cement affects the
compaction characteristics of dredged
marine sediments. During standard
and modified compaction tests, cement
dosage increases the maximum dry
density, and the optimum moisture
content.

e In the direct shear test, The Portland
slag cement stabilization of dredged
marine sediment resulted in a 226.51%
increase in cohesion and a 17.68%
reduction in the friction angle (0%-20%
Portland slag cement dosage). The
significant increase in cohesion can be
attributed to the chemical bonding and
improved particle interlocking resulting
from cement hydration.

e Portland slag cement serves as an
effective stabilizing agent for dredged
marine sediments when used as
backfill material in reinforced soil

systems. The stabilization process
yields a notable enhancement in slope
stability, as evidenced by the increased
factor of safety observed during
comprehensive slope stability analyses.

e Through the comparative analysis of
various limit equilibrium methods, this
investigation reveals the significant
impact of reinforcement on slope
stability under diverse conditions. The
results demonstrate a clear hierarchy in
stability performance: reinforced dry
slopes exhibited the highest factor of
safety, while unreinforced wet slopes
showed the lowest values.
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