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UNSUITABLE

TO SUITABLE:

A CHANGE IN THE
RECLAMATION
DESIGN PARADIGM

The availability of suitable sand has become a limiting factor
in the development of many ambitious reclamation projects,
making the reuse of existing, less suitable materials a critical
solution. This subject has been given broader international
attention in the past years driven by the shortage of sand
resources and by the desire for a more circular society where
waste does not exist. So far, only a few examples exist of
islands that have been constructed with fine silty or even
clayey sediment. In this context, the reclamation with
sediments must evolve from an exceptional case requiring
special considerations, to a common practice. To favour this

practice, anintegrated framework is needed where the
concepts of suitable and unsuitable are redefined.

Suitable versus unsuitable:

the stated view

Reclamation projects are defined as the
construction of newland over existing
water bodies (seas, rivers, lakes oroceans).
Incontrastto conventional earth filland
backfillworks used in the construction of
embankments or backfill of an excavated
area, the fillmaterialis placedinlayersona
water-content controlled environment,
usingthe Proctorcriteria as a guide. The fill
isplacedatits optimum watercontentand
compactionisdone forevery layer.

Inreclamationworks, the fillis formedina
water-dominated environment, the
compaction conditions cannot be controlled
and the optimum water content conceptis
notapplicable. Thefillis placedinafewlayers

(ifdeemed necessary) and soil compaction
isperformed,if required after fill placement
iscompleted.

Within this context, the concept of

suitable and unsuitable materials emerged.
Suitable materials are defined as materials
that, placed in awater-dominated environment,
donotexperience asignificant segregation,
exhibitarapid settlementand develop a
significant strengthin arelatively short
time, which enables more or less immediate
accessibility. Unsuitable materials, on the
other hand, are materials thatrequire longer
time to settle, are prone to segregate and
whose strength and compressibility develop
slowly overtime. Those kind of fill areas
cannot be accessedwithout additional
measures to be taken.
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Thedifference between these twoconcepts
isreflectedin the different timeline
representations depictedin Figure1,where
the settling processisrepresentedinthe case
of suitable and unsuitable materials.

Examples of suitable soils are granular
materials, such as gravel orsand,with a
limited amount of fines. Unsuitable soils
include fine-grained materials, such as
clay and silt, or sandy soils with high fine
content. The boundary between suitable

and unsuitable soilsis drawn by the
acceptance criteria for the fill material,
defined through the fine content and

the mean particle size D50 (Figure 2).
Figure 3 shows the transition between
suitable and unsuitable materials and the
gradual changeintherelevant engineering
properties forreclamation design as
strength, compressibility and permeability.

Theleftside of the figurerepresents granular
soils, such as cleansands and gravels.

These materials are characterised by high
strength, low compressibility and high
permeability. The right side of the figure
represents the materials with a significant
amount of fines, consisting of clays and silty
clays. These materials are characterised by
low bearing capacity, high compressibility and
lowtoverylow permeability. The transition
between these materials consists of a mixture
of both fractions. Geotechnical properties for
theresulting composite mix depend onthe
main fraction, varying from high tolow strength,
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fromlow to high compressibility and from high
tolowpermeability. Thisinterpretationis
reflectedinFigre 3, which represents the study
performedby Fanetal.(2023) regarding the
compressibility and hydraulic conductivity of
sand-silttailings mixtures.

Achangeinthe compressibility is observed
forfine contentabove 15%, reflecting the
effect of the fine soil fraction on the soil
matrix behaviour. Thisvalue isinline with the
boundary defined to distinguish suitable
and unsuitable soils. For the hydraulic
conductivity, thischange is associated
toafinecontentaround 40-50%.

Traditional and emerging paradigms
Inatraditionalreclamation design approach,
the use of materials containing a significant
amount of unsuitable soilsislimitedtoa
minimum. When thisamountis higher than
the acceptable quantity,itis segregated from
the dredged soil and discarded as waste. In
additiontothe performance-related aspects,
the environmental restrictions are minimal
and the availability of suitable materials do
notconformtoagreatlimitation.In thisview,
Suitable materials are sourced to comply
with the materials specification and the
performance criteriaincludedin the basis of
design. The following premises are recognised
inthis approach:1) suitable materials are
always available in close vicinity (either from
adedicated borrowareaorinthe parented
dredge area); 2) waste is possible; and 3)

the environmental and sustainable aspects
arenotalimiting factor.

Inthe traditional view, reclaiming land with
sediments and fine-grained soils is considered
as aspecial case and no standard practiceis
recognised. Thisisreflectedin the structure
adopted by the Hydraulic Fill Manual (Van
‘THoffetal,2012),aimed to guide the design
and execution of reclamation projectsto
obtain optimal results. Aspects like availability
of material, boundary conditions, dredging
equipmentand the functionaland performance
criteria forthe reclamation fill are considered
(Figure 4).Inthe proposed workflow, the use of
fine-grained soils is considered as a “special
fill"case (Section 9) requiring specific actions
tomitigate “problematic” aspects.

Nowadays, obtaining suitable materials from
adedicated borrow area or extracting the
suitable fraction from the existing materials in
the associateddredge areastobeusedasa
source forreclamation fillis highly contingent.
Sand utilisation has increased over the past
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2- Project initiation

3- Data collection

4- Dredging equipment

5- Selection borrow area

6- Planning and construction methods reclamation

7- Groung improvement

WA/

< 9- Special fil materials and problematic subsoils |

8- Design

= 10- Other design materials I

U

11- Monitoring and
quality control

U

12- Specifications

Workflow and setup to plan design and execution activities inreclamation projects

(Van'tHoffetal,2012).

decades andis becoming scarce around the
world (UNEP, 2022]). Additianally,increasing
environmental awareness around the world
leads tomorerestrictions on sediment spills
inwaters aswell as extracting sand from the
seabed, whichisharmfultomarine ecosystems.
The combination of scarcity of sand and
turbidity (overflow) restrictions hasled to

the need of reusing “‘complex” types of
materialsinlandreclamations.

The broaderinternational attention given
tothissubject overthe pastyearswasdriven
by the shortage of sand resources and the
desire foramaore circular society where waste
doesnotexist. So far,only a few examples
exist of reclamations constructed with fine
silty orevenclayey sediment.Figure S presents
aview of the Kalibaru project where high
plasticity clays were used for the construction
of newland for the port of Tanjung Priok,
Jakarta, Indonesia.

Inthis context, the approach toland
reclamation with sediments mustevolve
from being an exceptional case to became
acommon practice.

The changing processrequires thereview
of legaland contractual aspects, and of
several design paradigmsrelated to
engineering. Fundamentally, the design
process should be turned around, the starting
point should be the source material instead
of the specifications for the reclamation.
The following questions should be asked:
What type of sedimentis available?

What needs to be done in the reclamation
toturnitintoland fitfor purpose? The
answers tothese questions will directly
influence the time required to finish a project,
the work method, the equipmentto be
employed and the form of contract. In this
new scenario, a significant transfer of time
and costs from the dredging operations
tothereclamation design and execution/
constructionis to be expected.

Figure Brepresents two design workflows.
The first one, named from performance

to material reflects the classic design
approach where a suitable material is
sourced tocomply with the design and
performance requirements of the project.
Material specifications are included

as partofthe tenderdocuments and
production, cost and environmental
aspectsareallaspectslefttothe contractor.
The available time forcompletionis
determined by the employer and defined
inrelationto construction with suitable
materials. Often the available time is already
fairly limited and tight. Alternative to the
former,a new design approach paradigm
isnowadays more frequently used.
Thisnew approach,named from material

to performance, considers the availability
of materials togetherwith environmental,
production and legal aspects todeliver

an adequate compliant product.

State-of-the-art, knowledge gap

and engineering challenges

When lookinginto the available literature, itis
apparentthatthe use of fine-grained soil has
received quite some attention from several
engineering perspectives. The impact of

fines content on consolidation behaviouris
investigated by Lipinski,Lupongo and others
(Lipinskietal,2017; Lupongo,2008; Fanetal.,
2021). The effect of groundimprovement on
the consolidation behaviour of fill materials has
beenresearchedby Chuetal. (2008).The
corresponding costs of ground improvement
methods are elaborated by Hazirbaba and
Mughieda (2018). Modelling of large strain
consolidation behaviour of (soft) soilsis widely
investigated (e.g. Gibson,1967;Agapito and
Bareither,2018;de Lillisetal,2020;Itoand
Azam,2013;Ahmedetal,2023;Niand Geng,
2022).Yaoetal. (2002 propose aclearguide
onnumericalmethods formodelling large-strain
consolidation of soft soils. Away to numerically
model consolidationincluding vertical drainsis
demonstrated by Nguyen (2018) and Niand
Geng (2022).The effect of consaclidation of
slurriesis alsowidely investigated (e.g. Van Der
Meulenetal,2012;Chuetal,2008; USACE,
2015;Lam,2018; Ganesalingam,2013).

The scientific field of dredging is widely
researchedaswell. The effects of dredging
work methods on soil propertiesrelevant for
consaolidation are briefly elaborated by Van Rijn
(2005)and USACE (2015) and the Hydraulic
FillManual (Van ‘T't Hoffetal,2012). Avery
interesting guide to soil parameters depending
on fine contentand placing method s also
included in the Spanishrecommendations for
maritime works (ROM 04).

Hydraulic dredging and the corresponding
productionratesforTSHDsand CSDs are
widely researched by, for example, Vlasblom
(2005), Wowtschuk (2016), Braaksma
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(2017), Schrieck (2021), Miedema (2008)
and Salzmannetal. (1977). The effects of
mechanical dredging and its associated
productionrate are elaborated by Vlasblom

(2005), Van Rijn (2005) and USACE (2015).

Two main conclusions can be drawn from the
review and the information available (see C.
Smeenk,inprep):

- Alotof specific knowledge exists on
dredgingandits effect on consalidation
parameters, dredging production, ground
improvement efficiency and the costs
of each project component. However,
this knowledge s likely to stayin-house
atdredging companies to maintain their
competitive positioninthe market; and

- Littletonoresearchisperformedonthe
effects of dredgingwork methods on
consolidation parameters, comparing

hydraulic methods to mechanical methods.

Thereseemstobealotofunderstanding
of both the dredging phase and the

consaolidation phase when considering
land reclamations. However, the coupling
between the dredgingwork methods and
the consolidation behaviourof afillis
missing.Noresearchis performedonthe
effect of dredgingwork methods on total
project costsand duration.

Regarding these conclusions, the following
isobserved. The share of knowledge is of
vitalimportance in the development of a
new design paradigm where the use of fine-
grained soilsis treated within the main
planning warkflow and not as a collection
of individual cases forming a side branch.
Moreover, thereisaneed forresearch on
the effect of dredgingwork methods on
total project costs and duration, coupling
the production phase to the consaolidation
behaviour of the fill.

Todevelop anintegrated design approach
between production andreclamation design,

The approach to
land reclamation
with sediments
must become
common practice.

the following engineering challenges
areidentified (C. Smeenk, in prep):

Whatis the impact of mechanical

and hydraulic dredging on the soil
properties of dredged material relevant
forthe consolidation?

What are the factors thatimpactthe
consalidation behaviour of soft soilsin
reclamation fill?

Kalibaru project. Construction of new land for the Kalibaru terminal in the port of Tanjung Priok, Jakarta, Indonesia.
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- Howcanthedredging phase andthe
reclamation phase individually be related
toproject performance interms of duration
and costs®?

« Howcanthedredgingwork method be
coupledtoconsolidation behaviourina
model to evaluate the selection of the
dredgingwork method against project
performance interms of durationand costs?

- Whatisthe effect of increasing fines
contentonthe mostcostandtime-
efficientdredgingwork methodinland
reclamation projects?

Each ofthese questions needs to be
answered for a specific context aiming

to achieve the optimal project performance
interms of time and cost. Figure 7 presents
aschematic view of the effect of segregation
inthe fillwhen placed with high-energy and
low-energy methods. A high-energy method
ispresented at the top of the diagram, i.e.

the fillis placed using landlines where gravel
and sand materials are expected to settle
close tothe pipe while the finer fractionis
settling at significantly longer distances.
Thisisusedwhen segregationis favoured

to obtain the suitable part for high-strength
structures, such as bunds or structural
backfills. At the bottom of the diagram, the fill

is placed using alow-energy method (a spray
pontoon) aimed to minimise segregation
and avoid the presence of fine ponds.

Requirements for anintegrated
approach

The backbone of thisapproach should be
developed combining the geotechnical
perspective with the operational dredging
process point of view (from now on referred
toas production aspects). The need foran
integrated approach where different aspects
can berationally combinedisrequired forthe
trade-off comparison between alternatives.
Specific aspects, such as bulking and
placement conditions can beincorporated
as quantitative variables bridging the gap
between both disciplines. However, the most
important thingis achange in mindset
related to the following aspects.

Reclamationrelated aspects
Fromthereclamation perspective, the
following engineering aspects willrequire
special attention (Figure 8):

Segregation and bulking

Segregation, ifit occurs, will strongly affect
the placement properties of the soil, for
example,its compressibility and strength,

Design paradigm

and of course, itsinitial valume. The effect
of segregationinaunitary volumeis
representedin Figure 8. The specific volume
of asegregated material willreflect the
bulking value foreach independent fraction
while the valume for a non-segregated
material willreflect the compaction
conditions of acompaosite mix.

Self-weight consolidation

There are many studies and methods
developed forthe description of the self-
weight consaolidation of fine-grained
materials.In most cases, the proposed
formulations are developed to describe
the depositional process of one single
layerand the solid fraction is assumed
constantoverthe entire analysis.

Some modifications are required to apply
these methods to the study of areclamation
process considering productionrates
and layer thickness. As aresult of these
models theinitial volume, water content
and strength profiles for the topsoil would
be estimated.

Settlingcolumns appear as the most adequate
testforcalibration purposes and for that

its executionwillneed to become acommon
requirement as part of the tender phase.

MATERIAL PERFORMANCE
l FROM PERFORMANCE TO MATERIAL
e“é\& -
6@,@“‘ Design
UDLkNIm?) s% requirements
S
Search
Settlement compensation
Rigid .
Ocm ‘compensation
MATERIAL
Available é @ seismic] st ‘
< Achievable
| FROM MATERIAL TO PERFORMANCE + CONSTRUCTION T

Design paradigms. The traditional approach implemented from performance to material (above) and the emerging view (below), where the design
isimplemented from the material availability and performance is considered as an adequate result of the construction and soilimprovement.
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Figure 10 shows theresults of aone
dimensional settling column model performed
by Smeek (in preparation). He adapted the
formulation proposed by Gibsontoincorporate
the placement oflayersatacertainrate, defined
by the production aspects. The calibration of
the modelis done based on settling column
testsdemonstrating theirrelevance forthe
study ofthese problems atalaboratory scale.

Clay balls

Hard and firm clays tend to form balls during
cutting. During hydraulic transportation, these
ballstend todegrade but many will “survive”
and willdepositinthe form of aballin the
reclamation. Figure 11shows the clay balls and
sand fraction deposited close to the outfallin
thereclamation.

The clay fraction in these clay balls will settle
fastandits compression properties will
reflectitsin situcondition.When compared
tothe slurry fraction, clay balls will behave

as agranularmaterial in terms of settling time
and caonsolidation. The work from van Beek
(2023)canbeconsidered asreference study
inthe field of clay ball formation and clay lump
erosionin hydraulic dredge pipes.

Fillproperties and soilimprovement methods
The estimation of the engineering properties
of the fillwill be crucial for the analysis of its
performance and the selection of the most
adequate soilimprovement method to be used.

Capping methods

Afterthe self-weight consolidation of the
fillmaterialis completed, a cappinglayer
orreinforced construction will be placed.
This cappinglayerorreinforced construction
isneeded to provide sufficient bearing
capacity forthe ground improvement

(Gl) equipment to access thereclamation.
The capping layer can be placed with
low-energy methods (e.g., spray pontoon)
inthe form of a diffusoron top of the soft
fillmaterial or other methods can be used.
By doing this, noinstabilities will be caused
by placing the capping layer. Alternatively,
the formation of a crust can be favoured
to “reinforce” the topsoil providing the
required strength forthe access of the
required (Gl) equipment. Figure 12 shows
examples of cappingwith a sand cover
layerand crust formationusedin the
Fehmarn Belt project.

Productionrelated aspects
From the production perspective, aspects like
the productionrate, production duration and

5h
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Salid fraction profile for a multi-layered settling column test.

production costs are to be considered for the
two main dredging work methods: hydraulic
and mechanical dredging. Hydraulic dredging
isoften considered to be the fastest and
cheapestdredging method. However, the
counterpartisthatthe dredged soilis placed
with asignificantamount of waterresulting in
afillmaterial characterised by low hydraulic
conductivity and high compressibility.

The consequence of thisis that the fill will
require along consaolidation time or a costly

ground improvement method in order to
meet the designrequirements. Another
aspect of hydraulic dredging of soft soilsis
the high bulking factor.

Mechanical dredgingis often considered to
be more expensive and more time consuming
than hydraulic dredging. However, the
advantage of the mechanical method is that it
preserves more the in-situ properties of the
soil. Thisis because the material is excavated
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from the seabed by the bucket and a minimum
of wateris added. Theresulting fillmaterialis

Particle clash

N -
characterised by alowerwater content, a higher g igh eete vaosty
density, alower compressibility and higher Particle clash

and
bearing capacity compared to the material low relative velocity
3o

produced by hydraulic dredging. This will lead to
relatively shorter consolidationtimesanda
reductioninthe amount of ground improvement
required to meet the designrequirements.
Bulking factors are also much lower.

Transport (Time/Distance)

The above considerations of the different
dredging methodsiillustrate that the fastest
and cheapestdredging method may not
necessarily lead to the fastest and cheapest
consolidation phase, especially when using
soils with high fine content. This makes it
evidentthat atrade-off exists between
total project costs and duration, whichis
governed by the chosen dredging work
method. This trade-off element comes Clay balls and sand fraction deposited in the reclamation close to the pipe outfall.

Segragation control

Y/
p -

s

Capping examples. Placement of a sand layer and crust formation at Fehmarn Belt project.
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backtothereclamation projectwhen
utilising these materials.

Themost efficientdredgingwork method
is project specific and depends onwhat
the clientand dredging contractorwantto
optimise, eitherthe project duration orthe
project costs. Despite the project specific
character of the problem, a modelis needed
where the production and reclamation
processes caninteract and the trade-off
betweencostanddurationis assessed for
the specific circumstances.

STEP 7

Rearrage the Database
from STEP 2

Stakeholders

Stakeholders arerecognisedto be key players
intheimplementation of thismindset change
and for that theirinvolvementis crucial.

Ownersanddirect users of thereclaimed land
Alandreclamationreaches airports, port
developments arhousing areas. The direct
usersofalandreclamation are affected by the
factthatalandreclamation could enhance
theirbusiness opportunities. Changesinthe
projectdurationwillhave animpactonthe
fasterorslowerreturnontheirinvestments.

DAR

Achiving the required performance

Grave! - Sand - Sidlay
st

Begene
emge

gt

\ Zoteteren

Complete segregation

Granular / Fines

—> Partial segregation
Composite soils

GIR

From borrow area to reclamation

STEP 8:

From Theary to practise
CLOSING THE LOOP

Directusers should then beinvolvedinthe
discussion and their feedback considered for
the performance requirementsin terms of
need formaintenance, costs associated with
anincrease ordecrease inthe operability and
the overall quality of the end product. The core
value regarding thisintegrated approachis
tohave areliable product that does not fail.

Environmentalistsand NGOs

The creation of newland by reclamation will
potentially affect the current ecosystem,
which in principle is not in favour of the
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environmentalists. The involvement of
environmentalistsand NGO arganisations
will favour the realisation of the project and
produce a positive effect on the local
communities. Introducing solutions like the
Building with Nature programme will favour
the acceptance of the project by the local
communities leading to a better balance
between the needs of the project area.

Increasing the efficiency of project execution
wouldresultinashorterrelative duration of
the construction phase and, as an effect,
reduceitsnegative impacton the ecosystem
interms of noise pollution and disturbance by
operations. Choosing the most CO2-neutral
dredgingwork method makes a more healthy
and sustainable solution possible. Otherwise,
the option forthe cheapestwork method
would allow for some extra budget to build
compensation elements on thereclamation,
such asnew habitats for several species and
more value to society (for example, beaches).

The coreresponsibility of environmentalists
and NGOsistobeinvalvedin the discussionto
expresstheiropinion onthe optimum solution.
The corevaluesregarding thisintegrated
framework are trustand transparency
regarding the environmental impacts of the
execution method of land reclamation and

the land reclamation itself.

Contractors

Contractorscanincrease theirproject's
efficiencyintermsoftotal project costsand
duration. This could enable the contractor
toincreaseits competitive positionintenders
orincrease the profitmargin of a project.

The contractorwill strengthenits market
positioninthelongterm.The coreresponsibility
of the contractoristoincrease the efficiency
of theiroperations, deliverreliable assetsto
clientsandleave a positive impactonthe
environmentand society. The core values of
this civil engineering (CE) system are quality,
safety,innovation,and financial responsibility.

Government

The government can benefit from the
optimisation of the duration and costs for
the completion of a project. Increased
efficiencyin project execution could lead
tocheaperreclamation options, which make
thereclamation of land mare attractive for
various public problems, such as housing,
airport expansions and port developments.
Itistheresponsibility of the government to
complete aproject finding the best salution
interms of sustainability, cost and time.

The corevaluesregarding this CE system
are safety, sustainability, transparency and
public benefit.

Proposedroadmap

Inthe process of developing an adequate
framework for the exchange of knowledge
between disciplines and to provide access to
this knowledge to allrelevant actorsinvolved
inthese kinds of projects, the following steps
are proposed to compose a possible road map
(Figure13).

Stepl:Lookintowhatwe already know.
Agreat potentialis foreseen from the study
of previous cases.

Step 2:ldentify solutions for the actual
challenges;create and organise a database.
Step 3:Analyticaland empirical design
methods forreclamation design (segregation
and settling velocities) and crust formation
are aspectsrequiring special attention.
Developing standard methods for the
implementation and interpretation of tests
like settling column are of greatimportance.
Step 4:Howtoapproach atenderprocess.
Client needs contractor’s capabilities and
stakeholders'interests are to be considered
togethertoachieve the optimal solution.
Step 5:Contractualand commercial aspects.
Tofavourthe optimisation of the design and
construction of the reclamation, the
contractualand commercial aspects should
alsobe elaborated considering a shared risk

Choosing the
most CO2-neutral
dredging work
method makes

a more healthy
and sustainable
solution possible.

and benefit from the endresult.

Step B6:Researchinstitutionsand
independent parties are natural places to
allocate research projects and knowledge
(Figure14).

Steps7and 8:These steps focus on providing
the new framework with the corresponding
learning elements. Considering the aspects
developedinsteps2to5,thecriteriaused for
organising the database from previous
projects hastobereviewed and thelessons
learned properly documented. The proposed
road map aimsto serve as a starting point
fordiscussion between participants and
toidentify the needs and views from the
relevantactors.

ur

Main Contractors

Niche
Contractors

NGOs

Consultants

CLIENTS Research

Institutions
End Users

Start Ups

Required participants for knowledge validation and framewaork enablers.
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SUSTAINABILITY

Summary

A paradigm shiftisrequired for the design and
construction of reclamation projects, driven by the
scarcity of suitable granular materials, environmental
limitations, restrictions on sediment spills and the
needtoachieve azero-waste balance,i.e.acircular
economy. More and more often, the design of
reclamation areasis found to be a balance between
material availability/reusability and perfoarmance
requirements.

Anadequate conceptual frameworkis needed to
host the trade-off between the production-related
aspectsandreclamation engineering aspects, and
compare themto find a compromise between ideal
and possible.

Aseries of elements and concepts were identified as
key playersinthe development of anewreclamation
design paradigm. Engineering aspects such as
segregation are considered representative elements
bridging the gap of knowledge between production
and geotechnical-related aspects.

A possibleroad mapis proposed to shift fromthe
traditional design paradigm to a new one that brings
onboard allthe elements and stakeholdersin a proper
balance. The departure point for thisroad map is
proposed to be the study of previous cases and the
lessons learned from them.
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