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1. FOREWORD
This guide reports the achievements of the research activities carried out by the Department of Civil and
Industrial Engineering (DICI) at the University of Pisa, and describes methodologies and conditions to be
respected for reuse of dredged sediments in road constructions; this in the perspective of sustainable
development and environmental protection.
This is an informative manual that explains (through texts, boxes, photos, pictures, graphs and charts)
technical and operational characteristics, protocols and procedures of the innovative integrated
methodology for sediment management and re-use in construction of road embankments, developed
within the CLEANSED project.
Qualitative and quantitative data are provided in full details, along with detailed process information
and an assessment of the technical and environmental advantages of the integrated system. The manual
is expressly targeted to the people of the trade (including specialized decision makers at all levels) in the
soil management field.
The terms of the approach described in this guide will be revised on the basis of the feedback received
at the regional, national and European experience.
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2. THE PROBLEM OF THE DREDGED SEDIMENTS
Rivers and channels need to be regularly dredged in order to keep them open to shipping, to allow a
proper functioning of locks, to prevent flooding and occasionally restore or improve the quality of the
ecosystem in a specific site. Sediments are an essential, integral and dynamic part of the hydrologic
system. In natural and agricultural basins, sediments are derived from the weathering and erosion of
minerals, organic materials and soils in upstream areas and from the erosion of riverbanks and other instream sources. As surface-water flow rates decline in lowland areas, transported sediments settle along
the riverbed and banks by sedimentation. However, since sediments are the ultimate reservoir for the
numerous potential chemical and biological contaminants that may be contained in effluents originating
from urban, agricultural, and industrial lands and recreational activities, contaminated sediments in
rivers and streams, lakes, coastal harbors, and estuaries have the potential to pose ecological and
human health risks.
The management of sediment quality and quantity in support of ecological and socioeconomic goals is a
cause of extensive research, investment as well as regulatory and public scrutiny, both in Europe and in
other countries. Today, the volume of dredged materials Europe-wide is very roughly estimated at 200
million m3 per year, around 60% of them is contaminated (source: Sed Net), with a management cost for
EU estimation ca.1 Billion €/yr. Soil contamination, above a certain level, causes a deterioration or loss
of one or more soil functions, and this represents another worldwide problem. The number of estimated
potential contaminated sites in Europe is more than 2.5 million and the identified contaminated sites
around 342 thousand.
Because of the limited natural resources and by virtue of the concept of sustainable development
adopted by many countries, the use of dredged sediments is worldwide accepted in different fields such
as engineering and agriculture.
The reusing techniques described in this manual are based on the research activities carried out at the
Department of Civil and Industrial Engineering (DICI) at the University of Pisa and related to the
construction of an experimental road section within the CLEANSED Project.

3. CLEANSED PROJECT OBJECTIVES
The project objective is to put into practice tests, to evaluate and to disseminate a set of innovative
solutions, techniques and methodologies that, although they have a sound background in recent
researchs, are still not applied as an integrated approach in the field of soil management.
The CLEANSED project will show how polluted river sediments, dredged from the Navicelli canal, can be
treated and used within two different production processes, in engineering and agriculture, in an
ecologically and financially advantageous way. The Navicelli canal (nearby Tombolo’s bridge) is a
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navigable canal (length: 16 km, width: 32 m, depth: 3 m), which connects Pisa to the sea at the Port of
Livorno.
If exposed to specific processing, the dredged river sediments are converted from a valueless and
expensive waste into a valuable resource material for road construction, with the advantage of an
effective and sustainable management of the same.
Road construction begins with the removal of soil and rock, the construction of embankments, the
filling, the compaction and the laying of pavement. Decontaminated river sediments can be fully
compatible with the construction of embankments since the characteristics of dredged materials are
similar to those of the generally used materials, such as the size gradation or the performance variation
of mechanical performances required for the different layers of a road embankment. The use of
decontaminated dredged sediments in construction of roads and other infrastructures is of particular
interest for two reasons: from one side, this can help to reduce the amounts of material accumulated in
waste disposals, from the other side it can help to reduce the amount of soils excavated from quarries.
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4. CURRENT PRACTICES
Earthwork consists of roadway excavations (cuts) and roadway embankments (fills) for highways and
associated items of work. Earthwork includes all types of materials excavated and placed in
embankment, including soil, granular material, rock, shale, and random material. Associated items of
work considered to be in the broad range of earthwork include clearing and grubbing, removal of trees
and stumps, scalping, removal of structures and obstructions, channel excavation, preparation of
foundations for embankment, disposal of excavated material, borrow, preparation of subgrade, proof
rolling, subbase, and temporary water pollution, soil erosion and siltation control.
If pavement is to remain smooth and stable during years of service under traffic, the earthwork on
which it is built must be stable and must furnish uniform support. Where roughness, settlements and
other distress develop in pavement during service under traffic, the cause often is a deficiency in the
stability of earthwork that supports the pavement.
4.1

STRUCTURE OF A ROAD EMBANKMENT

An embankment consists of a series of compacted layers of suitable material placed on top of each
other until the level of the subgrade surface is reached. The subgrade surface is the top of the
embankment and the surface upon which the subbase is placed.

Figure 1 - Typical section of a traditional embankment

Embankments are constructed of materials that usually consist of soil, but they may also include
aggregate, rock, or crushed paving material.
Normally, the coarser fill materials are placed at or near the bottom or base of the embankment in
order to provide a firm foundation for the embankment and also to facilitate drainage and prevent
saturation. The top portion of an embankment usually is constructed of relatively high-quality, wellcompacted subgrade material that is capable of supporting the overlying pavement layers and imposed
wheel loadings without deflection or undesirable movement. The fill material used throughout the
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remainder of the embankment must be capable of meeting applicable specification quality
requirements and be capable of being placed and compacted at or close to its maximum achievable
density. The material is spread in relatively thin layers of 200 mm to 300 mm, and each layer is
compacted by rolling over it with heavy compaction equipment.
Therefore, the components of embankment construction are:
-

Layer Thickness

-

Degree of Compaction

-

Materials

4.1.1 Layer Thickness
The thickness of the layer is limited by the type and size of compaction equipment used. The Standard
Specifications indicate the maximum loose layer thickness and mechanical requirement for various types
of compaction. If adequate compaction is not attained, the thickness of the layer may have to be
reduced or the size of the roller or number of passes may have to be increased.
4.1.2 Degree of Compaction
The specifications require that each layer of the embankment is compacted in order to achieve specific
requirements: satisfactory compaction is defined as 90% (95% in the subgrade area) of Standard Proctor
Maximum Density. Performing tests without inspecting construction operations should be avoided.
However, testing is certainly desirable and recommended, particularly early in the operation or when
works with different types of soils or compaction equipment are initiated.
Each layer of an embankment must be strong enough to support the succeeding layer. The soil attains
its greatest strength at close to (but slightly less than) its maximum density.
The moisture content has very important impact on compaction operations. At any given compaction
effort, the maximum density will be obtained at a particular degree of moisture called the Optimum
Moisture Content. If the moisture content is lower than the optimum value, it will be difficult to attain
the required degree of density. In this case, a spray bar attached to a tanker usually adds water. When
the actual moisture content exceeds the optimum value, the strength of the soil decreases rapidly and
the material becomes slop. That is, when a load such as a roller or a heavy earthmoving equipment goes
by, the embankment surface may depress, but when the load has passed, the surface will spring back.
At greater moisture contents, the embankment surface will not return to its original level and will leave
ruts. These ruts are generated when the soil is too weak to support the roller and the soil shears or the
surface is punctured. Significant rutting under the action of the compactor on the final passes on a layer
is not acceptable by the specification.
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4.1.3 Materials
Many different types of soils may be suitable to be used in the construction of an embankment, ranging
from granular soils (sand and gravel), which are highly desirable, to the more finely sized soils (silt and
clay), which are usually somewhat less desirable. Certain types of soils (such as saturated clays and
highly organic soils) are considered unsuitable to be used as materials in embankment.
Regardless of the type of soils used to construct embankments, the material should be well graded,
capable of being well compacted, be within a proper range of moisture to optimize compaction, and it
must not contain unsuitable or deleterious materials, such as tree roots, branches, stumps, sludge,
metal, or trash.
4.2

REGULATIONS AND AVAILABLE METHODOLOGIES

Civil engineering works require a large amount of soils for construction of riverbanks, dams, road
embankments and for filling excavations and depressed areas; the amount of soils needed for these
activities is very huge and difficult to estimate. In many cases, these materials are excavated from
quarries consuming natural resources that cannot be restored; just in Italy, only in 2014, the amount of
soils excavated from quarries is estimated to be about 126 million m 3: 80 million m3 of sand and gravel,
31.6 million m3 of limestone and 7 million m3 of clay.
Considering that the volume of dredged material Europe-wide is very roughly, the re-use of dredged
sediments will reduce the amount of them to be disposed in landfills and the amount of soils to be
excavated.
The physical-chemical characteristics of decontaminated sediments make it possible to smoothly include
them in current production processes.
According to directive 75/442/CE, replaced by directive 98/249/CE, sediments are classified as waste in
two sections:
-

17.05.05 polluted sediments

-

17.05.06 other sediments.

Contaminants in sediment affect the ecological or chemical water quality, and complicate sediment
management. Contaminants enter the river system through various pathways: rural areas, urban areas
and direct inputs.
Polluted sediments must be disposed in Confined Disposal Facilities (CDF) at much higher costs or, when
feasible, transformed into non-hazardous materials through costly treatments. Obviously enough, the
cheapest options (relocation and subaquatic CDF) are the most frequently used, but have also the
highest impact and the lowest economic/environmental return: the sediments are removed from the
production cycle with high handling costs and no commercial value.
A very recent legislation (DM 161/2012) referring to sediments reuse, allows to consider the materials
resulting from dredging not as waste but as a valuable material, and it also allows to reuse them on the
ground, if they are not polluted (Column A or B of the regulation, depending on the intended use and
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leaching tests, as per Italian D. Lgs 152/06 (previous Annex 1 of the Italian DM 471/99) and subsequent
amendments.
The sediments can therefore also be treated to reduce the level of contamination for land application.
4.2.1 Re-use of alternative materials in road infrastructure
In perspective of re-use in road constructions, the decontaminated dredged sediments can be
considered "alternative materials". This term is defined as any material produced from waste and
intended to be used as they are or mixed with other materials.
Many types of alternative materials, such as recycled materials, are currently used as road building
aggregates. The largest-volume of recycled materials is represented by blast furnace and steel furnace
slags. Glass aggregates, a mix of colors crushed to a small size, are valid substitutes of pea gravels or
crushed rocks in many constructions and utility projects. Aggregates themselves can be recycled as
aggregates. The material being recycled is usually highly variable in quality and properties.
One of the main causes that hindered the development of alternative materials sector was the cultural
resistance to the use of recycled aggregates in construction, fueled by the lack of adequate technical
and regulatory instruments that would promote the large-scale use of these materials.
A good opportunity to overcome this obstacle has been provided by the decree of Italian Ministry of
infrastructure and Transportation D.M. n. 203/2003 and the subsequent Circular of the Ministry of the
Environment n. 5205/2005. The latter provision, in fact, provides directions to make the D.M. n.
203/2003 operational in road construction and environmental sectors; this has imposed to public
bodies, or bodies publicly owned, to cover its annual requirements of manufactured products and goods
with a share of products derived from recycled material not less than a minimum of 30%.
4.3

ACCEPTABILITY REQUIREMENTS

The annexes to the Circular n. 5205/2005 (according to D.M. n. 203/2003) establish the acceptability
requirements and the performance characteristics of the recycled materials, to be determined on the
basis of technical standards, in order to be used in the different parts of a road structure. In particular,
there are the following 5 annexes, one for each part, shown in:
• ANNEX C1 - Body embankment
• ANNEX C2 –Subgrade layers
• ANNEX C3 –Foundation layers
• ANNEX C4 - Environmental recovery, fills and filled
• ANNEX C5 - Additional layers with anti-freeze function, capillary, drainage, etc...
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Figure2 - Reference Annexes for different parts of the road structure

The potential use of dredged river sediments as filling materials for road constructions has been
investigated on lab scale by several authors; very few demonstrations, though, have been carried out
under real working conditions.
4.4

ENVIRONMENTAL ACCEPTABILITY

The major properties of interest in relation to an assessment of the environmental impact of the
material, when used in road construction, are its leaching characteristics. The general objective of the
environmental characterization step is to demonstrate that the emission of dredged sediments and any
other suitable material employed in the construction of the road structure is allowed with regard to the
water quality requirements; for this, the leaching test is mandatory.
Depending on the intended use and leaching tests, the materials can be used for the following recovery
activities:
-

Embankments and road foundations;

-

Earthworks and banking;

-

Use to re-profile portions of the riverbed area.

For the leaching test, the Appendix A to UNI 10802 applies, according to the method provided by UNI EN
12457-2.
The results of the analyses should be compared with the limit values of the following Table1.

Deliverable D8- CLEANSED Manual for the use of decontaminated sediments in road building

15/70

UNIVERSITÀ DI PISA
Dipartimento di Ingegneria Civile e Industriale
Table1 - Leaching test requirements

Parameter
Nitrates
Fluorides
Sulphates
Chlorides
Cyanides
Barium
Copper
Zinc
Beryllium
Cobalt
Nickel
Vanadium
Arsenic
Cadmium
Total chromium
Lead
Selenium
Mercury
Amiantum
COD
PH

4.5

Units

Limits

mg/l NO3
mg/l F
mg/l SO4
mg/l Cl
mg/l Cn
mg/l Ba
mg/l Cu
mg/l Zn
mg/l Be
mg/l Co
mg/l Ni
mg/l V
mg/l As
mg/l Cd
mg/l Cr
mg/l Pb
mg/l Se
mg/l Hg
mg/l
mg/l
pH unit

50
1.5
250
100
50
1
0.05
3
10
250
10
250
50
5
50
50
10
1
30
30
5.5 <> 12.0

CHEMICAL, PHYSICAL, GEOTECHNICAL AND MECHANICAL CHARACTERIZATION

Recycling dredged materials for road construction purposes requires checking specific geotechnical
criteria that are reported in local technical specifications.
First of all it is necessary to perform the sediments classification, according to the Italian UNI 11531-1
standard (previous CNR UNI 10006:2002) "Roads construction and maintenance. Techniques for the use
of soils", that is needed to classify soils, to determine the Atterberg limits and therefore the plasticity
characteristics.
Proctor and CBR tests are the main laboratory mechanical tests recommended to determine the
suitability of a specific material to be used as a structural material in one of the different layers of road
embankment. The Proctor test evaluates the material compaction; CBR test evaluates the bearing
capacity, the capacity of a material to support, under construction, the traffic loads. The physicalchemical characteristics of decontaminated sediments make it possible to smoothly include them in
current production processes.
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4.6

IMPACT ASSESSMENT

The construction of a road infrastructure implies a preliminary assessment of the environmental and
human health risks associated with the use of the dredged sediments.
This impact study has a normative reference, the Italian law decree D.Lgs. 152/06 and following, and its
content is specified in Article 22.
An impact assessment is to be performed using a methodological framework based on the International
Organization for Standardization (ISO) recommendations (UNI EN ISO 14040 and 14044). According to
the ISO 14044, a Life Cycle Assessment methodology consists of four phases: goal and scope definition,
inventory analysis, impact assessment and interpretation. In the goal and scope definition are defined
the objectives of the study, the functional unit (i.e. the reference unit to which the inputs and outputs
are related), the boundaries of the system (i.e. the extension of the study), and the impact assessment
methodologies. The inventory analysis involves data collection for all the activities in the studied system:
raw materials (including energy carriers), products, and solid waste and emissions. This step includes the
calculation of the amount of resource use and pollutant emission of the system in relation to the
functional unit. The impact assessment phase assigns the inventory results to impact categories and
quantifies the system potential contribution to different environmental impacts.

4.7

FEASIBILITY STUDY

Figure 3 summarizes the steps to follow in order to implement a development project of alternative
materials in road constructions. The methodological current framework requires the testing and the
respect of acceptability thresholds necessary to ensure the compliance with regulations.
This reference scheme, although specifically designed for dredging sediments within the CLEANSED
Project, can be followed to evaluate the possibility of the use of any other alternative material in road
constructions.
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DREDGING

TEMPORARY STORAGE and DEWATERING

PRELIMINARY STUDY:
Sediments characterization

NO
OTHER USES

MATERIAL SUITABLE FOR USE IN ROAD
TECNIQUE
(chemical, physical, geotechnical and
mechanical characteristics acceptable)

YES
NO

Acceptability Requirements
(Circular n. 5205/2005)
YES

NO

Environmental compatibility
(D.lgs. 152/2006)

NO
TREATMENT

YES
NO

Environmental and healt risks
acceptable
(D.M. 05/02/1998)
YES

IMPACT
ASSESSMENT

PROJECT REALIZATION :
Design and construction of the trial road section
MONITORING and validation of the use of sediments in
road construction
Figure 3 - Flow chart: scheme for enhancement project implementation
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5. CLEANSED METODOLOGY
The CLEANSED initiative consists of a series of actions aimed at demonstrating an innovative integrated
system for management and re-use of decontaminated dredged sediments, which can successfully be
applied to tackle some of the most pressing issues in the field of interest. The sediments (about 800 m3)
were dredged from the Navicelli canal in the Pisa Municipality.
The project activities were carried out within real working environment, in order to allow the full
appreciation and evaluation of the technical viability of a large scale introduction of dredged sediments,
both for local (site specific) applications and for wider, policy-related initiatives.
The implementation of CLEANSED involved the following main actions:
1. Action B.1: Dredging, analysis and characterization of contaminated sediments;
2. Action B.4: Demonstration of the recycling of decontaminated sediments in road constructions;
3. Action C.3: Monitoring and validation of the recycling of decontaminated sediments in road
constructions;
4. Action C.4: Life Cycle Assessment - LCA
Monitoring actions have also been included in the work plan to ensure the accomplishment of project
objectives.
In principle, the experimental methodology followed in the Cleansed project can be applied to any type
of dredging sediments, except those classified as hazardous. Given the nature and behavior of dredged
sediments, performing laboratory tests are essential for the assessment of their ability to be used in
road constructions.
The methodological approach to be followed can therefore be summarized in the following steps:

5.1

-

PHASE 1: CHARACTERIZATION

-

PHASE 2: LABORATORY STUDY AND DESIGN

-

PHASE 3: FIELD STUDY AND MONITORING
PHASE 1: CHARACTERIZATION

The characterization phase allows identifying if sediments are potentially recoverable and improves
knowledge of their chemical/environmental, physical, geotechnical and mechanical properties.
The data produced will feed the project impact assessment and will identify the installations needed for
an eventual pre-treatment and/or treatment of the sediments before beginning the feasibility studies in
the laboratory and on the field (phase 2 and phase 3). Treatments include decontamination and
dewatering.
The technical and environmental recommendations (installation of a geomembrane to prevent
sediments leaching, the type of decontamination treatment, etc..) delivered to the experts in the
environmental sector at the end of this step will enable to finalize and validate the development project.
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5.2

PHASE 2: LABORATORY STUDY AND DESIGN

Based on the results obtained in the first phase, this second phase of laboratory study consists of
developing a suitable material for the embankment construction.
If the results of tests performed in phase 1 show sediments are not suitable to ensure adequate load
bearing capacity, the most appropriate techniques and processes to make them suitable for the
intended use, in consideration of the road structure layer where sediments can/must be used with
greater technical and environmental advantages, will be evaluated.
This study identifies the parameters that can influence the long-term mechanical performance of the
dredged material and the potential environmental impacts associated with its use.
At the end of this second phase, the design of the road structure can be performed and the following
parameters are set:
‐ Amount of sediments to be used;
‐ Thickness of the subgrade and subbase layers;
‐ Technical specifications for materials to be used for each layer.
5.3

PHASE 3: FIELD STUDY AND MONITORING

The implementation phase of the field study is essential to validate the results of the preliminary study
carried out in laboratory. This step is focused on the construction of a road embankment in real scale,
limited in extension but significant.
This experimental level allows:
1. To overcome the effect of scale;
2. To test the technical feasibility of implementation and the mechanical behavior of materials
during the construction works;
3. To evaluate the behavior of the embankment as a whole under traffic loading conditions.
The monitoring activities will need to be extended for a minimum period of one year.
The conformity of the results obtained in the field with laboratory tests and technical and regulatory
standards will validate the technical and environmental feasibility.
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6. PHASE 1: CHARACTERIZATION
This phase will implement various activities to evaluate the feasibility of the reuse of sediments in the
environment. Samples of dredged sediments will be characterized from different points of view:
chemical, environmental, physical, geotechnical and mechanical.
The data produced will feed the project impact assessment and will identify the necessary installations
for a pre-treatment and/or treatment of the sediments before beginning the feasibility studies in the
laboratory and on the field.
6.1

CHEMICAL AND ENVIRONMENTAL ANALYSIS

In order to ensure the compliance with the environmental acceptability requirements, chemical
analyses of samples are needed to identify the contaminant content and recognize the needs for
decontamination. Therefore, the sediments needed for the embankment construction will be dredged
and stored in a storage area specifically prepared for this purpose. In this area, they will be sampled and
tested in order to monitor the effective level of contamination and to be classified.
As mentioned above, the major properties of interest in relation to an assessment of the environmental
impact of the material when used in road constructions are its leaching characteristics, according to the
method provided by UNI EN 12457-2 (Appendix A to UNI 10802).
Table 2 - Leaching test on decontaminated sediments

Parameter
Nitrates
Fluorides
Sulphates
Chlorides
Cyanides
Barium
Copper
Zinc
Beryllium
Cobalt
Nickel
Vanadium
Arsenic
Cadmium
Totalchromium
Lead
Selenium
Mercury
Amiantum
COD
PH

Units
mg/l NO3
mg/l F
mg/l SO4
mg/l Cl
mg/l Cn
mg/l Ba
mg/l Cu
mg/l Zn
mg/l Be
mg/l Co
mg/l Ni
mg/l V
mg/l As
mg/l Cd
mg/l Cr
mg/l Pb
mg/l Se
mg/l Hg
mg/l
mg/l
pHunit

Decontaminated
sediments
<1
0.7
312
386
<0.01
0.07
<0.002
<0.007
0.5
2
<0.004
5
<0.005
<0.0003
<0.001
<0.005
0.0084
<0.0002
25
7.68
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Table 2 shows the results of tests carried out on CLEANSED sediments subjected to land-farming
process, which showed their compliance with the limits provided.
On the basis of the results of these tests, it will be possible to decide if sediments need to be
decontaminated or not. In the first case, sediments will be decontaminated (i.e. by a land-farming
process) and dewatered for natural drainage.
For the use of dredged sediments as “by-product” in civil construction works, the contaminant contents
to be determined in soils are those reported in the Annex 5 of the Italian law decree D.Lgs. 152/06
(previous Annex 1 of the Italian DM 471/99), as related to the specific urban destination of the area
where sediments will be used.
By this way, depending on the site area where the road will be constructed, the limit contents of
contaminants are those reported in column A or B of the Annex 1; generally, for road constructions
reference is made to Column B.
The results of chemical analysis, delivered to the experts in the environmental sector at the end of this
step, will enable to finalize a decontamination process.
In the CLEANSED project, sediments were submitted to a land-farming process in order to convert them
into a matrix suitable for two environmental purpose:
-

For nursery activities, landfarming was applied to sediments to further improve their agronomic
and functional properties.

-

For road construction activities, the landfarming was carried out on fresh sediments in order to
reduce water, organic matter and organic contaminant content.

In order to carry out the landfarming process, it was necessary to dewater the dredged sediments in
order to obtain the proper aerobic condition for pollutants biodegradation. In fact, sediments are in
anaerobic conditions and all pores are completely filled with water, which hinders the diffusion of
oxygen into sediment matrix. The partially dewatered sediment is spread out in a relatively thin layer on
a specially constructed site. Landfarming will slowly change physically/chemically sediment properties,
transforming it in a matrix similar to a soil that could be re-used in different production processes such
as nursery activity and road construction, thus facing other two great environmental problems.
In this specific case of the road construction, the landfarming treatment, carried out for 5 months,
consisted in the periodically (twice a week) aeration by mechanically moving the sediments and turn
them over by a scraper.
Results of tests carried out on sediment after landfarming process, reported in Table 3, show the respect
of the requirements provided by the current regulations for both green public, private and residential
sites (column A) and commercial and industrial sites (Column B).
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Table 3- Test results on sediments decontaminated by landfarming process

Table 1 Art. 5 title V part IV del D.Lgs. 152/06

PARAMETER

COLUMN B
COMMERCIAL AND
INDUSTRIAL SITES

DECONTAMINATED
SEDIMENTS

(mg/kg ss)

(mg/kg ss)

(mg/kg ss)

ARSENIC

20

50

5.8

CADMIUM

2

15

0.599

COBALT

20

250

12.7

NICKEL

120

500

63.3

LEAD

100

1000

19.7

COPPER

120

600

39.1

ZINC

150

1500

100

MERCURY

1

5

0.3

HYDROCARBONC > 12

50

750

60.8

TOTAL CHROMIUM

150

800

81.3

2

15

0.1

1000

1000

-

BTEX

1

100

< 0.05

PAH

10

100

1.06

CHROMIUM VI
AMIANTUS

6.2

COLUMN A
USE GREEN PUBLIC,
PRIVATE AND
RESIDENTIAL SITES

PHYSICAL ANALYSIS

Physical characterization requires determining the dry weight of particles and the water content of the
fresh dredged sediments, necessary for the definition of eventually pre-treatment process parameters.
The main problem of the dredged sediments is the excessive water content, which makes difficult the
workability and the achievement of suitable mechanical resistances needed for construction works.
Water content (or moisture content) is the quantity of water contained in a soil. It is expressed as a
ratio, which can range from 0 (completely dry) to the value of the materials' porosity at saturation.
Figure 4 shows a sample of dredged sediments before and after drying in an oven.
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Figure 4 - Dredged sediment before and after oven drying process

According to the UNI CEN ISO/TS 17892-1 standard, the total evaporable moisture content in aggregates
can be calculated with the formula:
𝑊−𝐷
𝐷
where w is the fraction of total evaporable moisture content of sample, W is the mass of the original
𝑤 [%] =

sample, and D is the mass of dried sample.
6.2.1 Dewatering treatment
It is known that, for the use in road constructions, it is necessary to reduce the water content of any
type of soils at a value close to Proctor moisture optimum level (normally 15-20%, for clayey soils).
The main problem of dredged sediments is their great water content, which makes it necessary, in view
of their use, to identify the most appropriate pre-treatment dewatering process.
Considering the large quantities of materials treated, it is recommended to test in small-scale the
treatment drying process that will be realized later in large scale.
The one described below is the dewatering process conducted during the CLEANSED project, first in lab
and subsequently reproduced on a real field.
Small-scale: a dewatering system was reproduced in a reduced scale at environmental temperature and
moisture conditions, which were with no rain and/or direct radiation and almost constant temperature
(20°C).
The conditions of a real field were reproduced: lower drainage, lateral confinement and surface aeration
in order to assess the amount of water that the system naturally loses by evaporation and/or drainage.
The moisture control was carried out on the top, in the middle and on the bottom of the samples taken
from the tank. As reference moisture, the average value was considered.
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Figure 5 - Dewatering system reproduced in laboratory

First conclusions: in controlled conditions, the moisture content can be reduced up to 40% after a period
of 7-8 weeks; such a level was still too high to allow the sediments workability. The land farming of the
dredged sediments would accelerate the dewatering process, but this operation was not reproduced in
laboratory; the principal aim was to check the water loss for natural drainage only.
Real field: a different dewatering process was reproduced in situ: a 30 cm lime layer was laid on a
draining material and rehashed mechanically in order to allow the air-drying. The remarkable difference
between the in situ and laboratory processes is that in situ environmental conditions cannot be
controlled and, similarly to the laboratory process, after dewatering the sediments showed a water
content of about 40 % after 5-6 weeks.
For this reasons, this is considered the limit value of water drainage that can be achieved by natural
methods; in order to reduce further the water content and the dewatering process time, the partially
dewatered sediments were mixed with higher percentages of lime than those required for stabilization.
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Figure 6 - In-situ mechanical rehash for air-drying

In view of the findings and based on technical and economic evaluations, other pre-treatment systems,
having the same purpose of drying the excess water of the dredged sediments (such as the natural
drying and dewatering process by using high percentages of lime) can be taken into account as an
alternative to long term CLEANSED processes.
A good and efficient process can be the filter-pressing technique. By this technique, the sludge that
needs to be dewatered is injected into the filter press and then the liquid is filtered out through the
filter cloths. By this way, the sediments, whose water content has been reduced up to the required
values, will subsequently transferred to the final collection point to be reused later.
Also in this case, the feasibility of the process will be investigated to carry out preliminary tests on
dredged sediment samples by using a small-size plant, in order to check the pre-treatment process
parameters.
6.2.2 Content of organic matter
The determination of the potential content of organic components is important since it affects the use
in the embankment body and, if hydraulic binding agent is mixed with sediments, it affects the setting
and the hardening of these latter. Humus is an organic substance, which forms in the ground by the
decomposition of animal and plant residues. Soils containing organic substances may be used only if its
amount is less than specific limits set by the specifications.
The humus content of soils is estimated from the color formed when a test portion is shaken in a sodium
hydroxide solution. Test will be made in accordance with the EN 1744-1 standard.
The method is based on the principle that humus develops a dark color when it reacts with sodium
hydroxide (NaOH). The intensity of the color depends on the humus content. If the solution is clear or
only slightly colored, the aggregate does not contain an amount of humus that is considered to be
significant. A strong color reaction will usually reflect high humus content, but can be due to other
factors. In this case, the method does not give a definitive conclusion.
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Figure 7 - Presence of organic matter test method

6.3

GEOTECHNICAL ANALYSIS

The geotechnical sediment characterization is needed to provide the essential information on the
nature and behavior of sediments recycled in road constructions. The reference standards to be
followed are the same as for the usual soils.
The reference standard for geotechnical characterization is the Italian UNI 11531-1 standard (previous
CNR UNI 10006:2002)"Roads construction and maintenance. Techniques for the use of soils".
This standard describes a system for classifying soils for engineering purposes based on laboratory
determination of particle-size characteristics, liquid limit, plasticity index, group index and shall be used
when precise classification is required. Moreover, the determination of the potential content of organic
components is important since it constrains the behavior of the material. The following
Table 4 summarizes the various analyzes to be performed and the associated standards.
Table 4 - Reference standards for laboratory tests

Scope
Classification of soils

Reference Standard
UNI 11531-1 (CNR UNI 10006)

Determining of soils Atterberg limits

UNI CEN ISO/TS 17892-12

Determining of soils water content

UNI CEN ISO/TS 17892-1

Potential organic substance content

EN 1744-1

6.3.1 Sediments Classification
The UNI 11531-1 (CNR UNI 10006) classifies soils into seven primary groups, named A1 through A7, on
the basis of their relative expected quality for road embankments, subgrades, subbases, and bases.
Some of the groups are divided into subgroups.
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The group A8 includes highly organic soils. The typical material of this group is peat and muck soil
ordinarily found in obviously unstable, swampy areas, characterized by: low density, high
compressibility, high water content and high organic matter content.
If sediments are classified in the A8 group, they cannot be used for road constructions.
In order to classify the soils, the following parameter are considered in the order:


the percentage of material passing the 2 mm sieve;



the percentage of material passing the 0.4 mm sieve;



the percentage of material passing the 0.075 mm sieve;



the Atterberg limits (liquid limit, plastic limit and plasticy index);



the group index.

Plasticity index (PI). PI is a measure of the plasticity of a soil. The plasticity index is the size of the range
of water contents where the soil exhibits plastic properties. Soils with a high PI tend to be clay, those
with a lower PI tend to be silt, and those with a PI of 0 (non-plastic) tend to have little or no silt or clay.
PI and its meanings:


(0-3)- Non plastic



(3-15) - Slightly plastic



(15-30) - Medium plastic



>30 - Highly plastic

Group Index (GI) The quality of the performance of soils as a subgrade material is inversely proportional
to GI. Thus, for higher values of GI the weaker will be the soil and vice versa. A soil having GI equal to
zero is considered as the best.
Figure 8 shows the soil classification chart according to reference standards.
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Figure 8 - UNI 11531-1 (CNR UNI 10006) soils classification chart
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‐ Group A1. The typical material of this group is a well-graded mixture of stone fragments or gravels,
coarse sand, fine sand, and a non-plastic or sligthly plastic soil binder. This group also includes stone
fragments, gravels, coarse sand, volcanic cinders etc, without a well-graded binder of fine material.
Subgroup A1-a includes those materials consisting predominantly of stone fragments or gravel,
either with or without a well-graded binder of fine material.
Subgroup A1-b includes those materials consisting predominantly of coarse sand with or without
a well-graded soil binder.
‐ Group A3. The typical material of this group is fine beach sand or fine desert blown sand without silty
or clayey fines or with a small amount of non-plastic silt. This group also includes stream-deposited
mixtures of poorly graded fine sand and limited amounts of coarse sand and gravel.
‐ Group A2. This group includes a wide variety of “granular” materials, which are at the borderline
between the materials falling in groups A1 and A3 and the silty-clay materials of group A4 through
A7. It includes any materials, not more than 35% of which passes a 0.075 mm sieve and cannot be
classified as A1 or A3 because of having fines content or plasticity, or both, in excess of the
limitations for those groups.
‐ Group A4. The typical material of this group is a non-plastic or moderately plastic silty soil 75% or
more of which usually passes the 0.075 mm sieve. The group also includes mixture of fine silty soil
and up to 64% of sand and gravel retained on the 0.075 mm sieve.
‐ Group A5. The typical material of this group is similar to that described under Group A4, but it may
be highly elastic, as indicated by high liquid limit.
‐ Group A6. The typical material of this group is a plastic clay soil, 75% or more of which usually
passes the 0.075 mm sieve. The group also includes mixtures of fine clayey soil and up to 64% of sand
and gravel retained on the 0.075 mm sieve. Materials of this group usually have high volume change
between wet and dry states.
‐ Group A7. The typical material of this group is similar to that described under Group A6, but it has
the high liquid limits characteristics of the A5 group and may be elastic as well as subjected to high
volume change.
Subgroup A7-5 includes those materials which have moderate plasticity indexes in relation to
liquid limit and which may be highly elastic as well as subjected to considerable volume change.
Subgroup A7-6 includes those materials which have high plasticity indexes in relation to liquid
limit and which are subjected to extremely high volume change.
Depending on test results and in order to allow the dredged sediments to ensure appropriate bearing
capacity, it could be necessary to identify the binding agent to be used for stabilizing pre-treated
dredged sediments for the different layers of the embankment (lime, cement, etc…). In order to do that,
depending on the type of binding agent, samples with different contents of binder will be prepared and
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tested to determine the minimum content of binder required to achieve the expected mechanical
properties (CBR and shear strength).
6.4

MECHANICAL ANALYSIS

To complete the feasibility study, that allows identifying if the sediments are potentially recoverable in
road construction, a mechanical characterization is needed. Mechanical characterization of soils will
include the determination of the optimum water content for compaction and the CBR index at different
degrees of compaction and different water contents, in order to determine a relation of mechanical
properties versus water content and dry weight per unit of volume. By this way, the maximum water
content allowed in sediments will be determined.
In the current practice, Proctor and CBR tests are the main tests recommended to determine the
suitability of a specific material to be used as a structural material in one of the different layers of road
construction.
The Proctor compaction test (EN 13286-2 reference standard) is a laboratory geotechnical testing
method used to determine the soil compaction properties, specifically, to determine the optimal water
content (wopt) at which soil can reach its maximum dry density. The test often referred to as Standard
Proctor test, but can also refer to as Modified Proctor Test. The difference between the two tests lies
mainly in the compaction energy (AASHTO Standard or Modified), depending on traffic load previsions.
The dry density and the water content of the sample are determined for each Proctor compaction test.
On the basis of the whole set of results, a curve is plotted for the dry unit weight (or density) as a
function of the water content. From this curve, the optimum water content (wopt) to reach the maximum
dry density can be obtained.
The California Bearing Ratio (CBR) and the immediate CBR (Italian IPI index) are simple strength tests
that compare the bearing capacity of a material. These latter measure the ratio of force required to
penetrate a circular piston into a granular medium, bound or not, in a special rigid container, to that
required for a similar piston into a standard sample of crushed rock.
The immediate bearing capacity (IPI) index determines the capacity of a material to support under
construction the loads of the building machines.
The California Bearing Ratio (CBR), which determines the capacity of a material to support the service
load traffic, is measured before and after a period of water soacking under specific conditions.
At the end of mechanical characterization, based on performance required to soils for their use, the
potential use of sediments will be evaluated and, eventually, the needs for stabilization will be
determined.
Through their physical characteristics, dredging sediments generally are classified as silty- clayey
materials with more or less high content of organic matter. This type of material is difficult to use as
they are in the construction of roads for their sensitivity to water and compressibility.
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In addition, raw sediments have a low index of immediate bearing capacity, so that in order to increase
mechanical performance of sediments, the addition of granular corrections followed by treatment with
hydraulic binders is usually used.
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6.5

PHASE 1 FINAL CONSIDERATIONS

At the end of this stage it is possible to conclude as follows.
1. On the basis of the results of chemical and environmental analysis, it will be possible to decide if
sediments need to be decontaminated or not; depending on the site area where the road structure
will be constructed, the limit contents of contaminants are those reported in column A or B of the
Annex 5 of the Italian D. Lgs. 152/06.
In the first case, it is necessary to individuate a type of decontamination treatment. In order to do
this, first of all it is necessary to prepare a storage confined area on whose surface will be laid an
HDPE geo-membrane for the treatment of the polluted sediments; the geo-membrane is used with
the intention of preventing the pollution of soil and groundwater by the leaching of liquid
constituents of solid waste. On the HDPE, a sand layer will be laid in order to protect the geomembrane itself during the working operations.
The decontamination treatment can be the landfarming or others; the experts in the environmental
sector will enable to finalize this stage of the program.
2. Based on the results of geotechnical analyses, the potential use of sediments in road constructions
will be evaluated and, eventually, the needs for stabilization will be determined. Depending on
classification test results and in order to allow the dredged sediments to ensure appropriate bearing
capacity, the binding agent to be used for stabilizing pre-treated dredged sediments for the different
layers of the embankment (lime, cement, eco-binders) will be identified. In order to do that,
depending on the type of binding agent, samples with different contents of binder will be prepared
and tested to determine the minimum content of binder required to achieve the expected
mechanical properties.
The following guidelines should be considered:
For the embankment layer construction should be used materials classified in the A1, A2-4, A2-5, A3,
A2-6 and A2-7 groups. With the necessary precautions specified below, it shall be evaluated if
materials classified in the groups A4, A5, A6 can be employed as they are or if it is necessary to
provide for a preliminary treatment.
Materials used must be completely free from organic substances, and from soluble or otherwise
unstable elements, whatever the group. The soils that have an organic matter content of vegetable
origin less than 5% may be used for embankment layers placed to more than 2 meters from the
surface pavement layer.
For subgrade layers:
The subgrade is the in situ material upon which the pavement structure is placed. Although there is a
tendency to look at pavement performance in terms of pavement structure and mix design alone,
the subgrade can be often the overriding factor in pavement performance.
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Materials of the A1-a group of the UNI 11531-1 standard (CNR UNI 10006) are excellent for use in
subgrade layers. However, after treatment, the following materials can be used:
‐ Soils of A1-b, A2-4 and A2-5 groups, with passing to the 0.075 mm greater than 12%, after
stabilization with cement or lime-cement;
‐ Soils of A2-6 and A2-7 groups with a greater proportion of up to 5% after-stabilization is mixed
(lime and cement) or a single lime;
‐ Soils of A4 and A5 groups after stabilization with lime and cement, as well as the clays of the A6
and A7 groups, with not too high plasticity (PI <25%), after stabilization with lime alone.
In these latter cases, the aptitude for use shall be assessed by CBR laboratory tests, or through
in-situ bearing measures.
Figure 9 summarizes the type of constituent materials for each group and their rating as embankment
layers.

Granular Materials

Silt-Clay Materials

Fraction passing to 0,075 UNI 2332  35%

Fraction passing to 0,075 UNI 2332
> 35%

General classification

Group
Subgroups
Usual type of
constituent materials

A1
A 1-a

A3
A 1-b

Stone fragments,
gravel, sand

General rating as a
embankment body

A2
A 24

Fine
sand

A 25

A4
A 26

A5

A6

A 27

Silty or clayey gravel and sand

Excellent to good

A7
A 7-5

Silty soils

A 7-6

Clayey soils
Fair to poor

Figure 9 - Type of constituent materials for each classificationgroups and their rating as embankment layers

3. On the basis of the results of physical analysis, the identification of the pre-treatment process and
the definition of its parameters are possible. Sediments dewatering is frequently necessary after
dredging to remediate and pre-treat contaminants.
In particular:
-

The maximum water content allowed in sediments will be determined in laboratory by Proctor
tests and this latter will be the limit to achieve by the pre-treatment process.

-

The pre-treatment process will be identified;

The feasibility of the process will be investigated by testing in small-scale the treatment process that will
be realized later in large scale.
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7. PHASE 2: LABORATORY STUDY AND DESIGN
7.1

SAMPLING ON THE STORAGE SITE

Sampling in the storage site is crucial to have a representative sample of dredged sediments, which will
then be used in the road structure, on which to perform all the laboratory studies needed to evaluate
the suitability of the material for the intended use. Because of the variability of the natural
characteristics of stored sediments, they will be sampled in different locations of the storage area and
analyzed.
The reference standards for wastes (UNI 10802/04 and Italian DM 161/12) and those for soils and rocks
(UNI EN 932-1) provide requirements that should be followed for sampling.
7.2

FORMULATION STUDY OF ROAD MATERIALS

The purpose of the formulation study is to examine the possibility of using the sediment as it is or to
schedule the mixing of the sediment with fractions of other standard materials or the stabilization with
hydraulic binders (such as lime and /or cement).
Based on the results of the phase 1, this phase begins with the definition of the most appropriate
mixture(s) of decontaminated dredged sediments and other standard materials, based on the
mechanical features induced by the use of the sediments themselves. Once the better size gradation is
identified, in order to optimize the stabilization with lime or cement, the mixture is used for the
construction of the embankment layers of the experimental road.
For the construction of the different embankment layers should be used materials classified in the A1,
A2-4, A2-5, A3, A2-6 and A2-7 groups. With the necessary precautions, it shall be evaluated if materials
classified in the groups A4, A5, A6 can be employed as they are or if it is necessary to provide for a
preliminary treatment.
The construction of foundation layers will be monitored in view of the standard parameters of current
Scope Statements in use for public tenders.
The treated sediments will be applied in different proportions and percentages, in order to demonstrate
the wide range of possible features and applications.
This formulation study will be validated by mechanical characterization tests; in this way, it will be
possible to identify the parameters which can influence the long-term mechanical performance of the
dredged material.
At the end of this second phase, the design of the road structure will be performed by setting the
following parameters:
‐ Amount of sediments to be used;
‐ thickness of the subgrade and pavement layers;
‐ technical specifications for materials to be used for each layer.
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During the CLEANSED project, most of the samples analyzed belong to the group of highly plastic clays
with high organic matter content, the worst conditions that can be encountered in dredging river
sediments were found. Considering this and in view of the re-use of the greatest possible quantity of
sediments, it was chosen to use the technique of stabilizing with lime the neat sediments.
Moreover, considering the excessive water content observed in the samples also after the dewatering
treatment, the only technique that could be able to improve both the mechanical properties and dry the
sediments was the one mentioned above.
Regardless of the specific conditions found in the Cleansed project experimentation, considering the
variability of the physical, chemical and geotechnical characteristics of dredged sediments that can be
found, the guidelines to follow for the sediments treatment by different techniques are shown below.
Reference standards to follow for the formulation study are reported in Table 5.
Table 5 - Reference standards for laboratory tests

Test
Classification of a soil

Reference Standard
UNI 11531-1 (CNR UNI 10006)

Determining of a soil Atterberg limits

UNI CEN ISO/TS 17892-12

Determining of the water content of a soil

UNI CEN ISO/TS 17892-1

Presence of a potential moist substance

EN 1744-1

Determining of the initial consumption of lime

ASTM D6276 – 99a
(Reapproved in 2006)

Specification concerning soil treated with lime

EN 14227-11

Unbound and bound mixtures with hydraulic binders –
Proctor compaction test

EN 13286-2

Unbound and bound mixtures with hydraulic binders –
Determining of CBR index

EN 13286-47

7.2.1 Use of neat sediments (as they are)
The use of neat sediments shall be conditional on results of the classification according to the reference
standard CNR UNI 10006: depending on the group they belong, the possibility of re-employment will be
evaluated and the embankment layer where the sediments can be used will be identified. The choice
must be made according to the criteria described in Phase 1.
7.2.2 Particle size correction
This is the process of altering soil properties by changing the gradation through mixing with other soils.
Adding or removing certain constituents can change the composition of soils.
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The prime purpose of any formulation is to have soils that can provide effective resistance to
deformation and displacement under loading. If soils from one source don’t meet the gradation and
plasticity requirements, it becomes necessary to mix materials from more sources for obtaining the
desired mixture.
The blending of materials is achieved by making trial combinations.
7.2.3 Stabilization with stabilizing agents (hydraulic or non-hydraulic binders)
The stabilization process consists in intimately mixing the silty-clayey soils with hydraulic binders, in a
quantity which can modify the physical-chemical characteristics (particle size, susceptibility to water,
moisture) and mechanical characteristics, so as to make them suitable for the formation of layers that
after compaction exhibit adequate mechanical strength and stability to the action of water and
eventually of frost.
Stabilizing agent is an important component in the treatment of the materials to be used in the road
construction. Its ability to agglomerate some soils gives the material a permanent cohesion, the
effectiveness of which depends on several factors such as: the nature of the treated material (the
classification), the type of binder, the amount of binder introduced, the workability achieved as a result
of the chemical reaction and finally, the curing of the mixture.
The treatment of dredged sediments with hydraulic or organic binders is particularly suitable for the
preparation of a road homogeneous material directly in situ, by incorporating the binder and mixing.
Various binding agents can be used for stabilization:
-

Lime – includes hydrated lime powder or slurry – Ca(OH)2 or quicklime – CaO

-

Cement

-

Blends incorporating supplementary cementitious binders, for example cement/lime, slag/lime,
Blast Furnace Slags, fly ash, pozzolana, etc.

7.2.3.1

Lime

The types of lime to be used are:
-

Hydrated lime;

-

Quicklime.

The following Table 6 shows the chemical characteristics of the types of lime to be used.
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Table 6 - Chemical characteristics and particle size of the lime

Requirement

Quicklime

Hydrated lime

CO2

≤ 5%

-

Title in free oxides (CaO + MgO) *

≥ 84%

-

MgO content

≤ 10%

≤ 8%

-

> 85%

≤ 5%

≤ 5%

-

≤ 2%

≤ 2%

-

> 60° in25’

-

Passing to 2 mm sieve

100%

100%

Passing to 0.2 mm sieve

≥ 90%

-

Passing to 0.063mm sieve

≥ 50%

≥ 90%

Title in total hydrates
SiO2 + Al203 + Fe203 + S03
Humidity
Chemically bound water
Reactivity water

* The determination of the title in free oxides expressed as CaO should be carried out
according to the formula (100-I-2:27 * CO2-X) where: I is the percentage of impurities
(SiO2 + Al203 + Fe203 + S03), X is the percentage of chemically bound water.

Lime chemically combines with water to form calcium hydroxide. When mixed into soil, this chemical
process, called lime hydration (1), decreases the soil moisture content. Furthermore, this reaction is
exothermic (gives off heat) and heat generated from this chemical reaction further dries wet sediments
by driving it off as steam.
CaO + H2O = Ca (OH) 2 + 15.5 kcal

(1)

This makes lime a very effective dry agent for all types of soils. Furthermore, this process takes place
quite rapidly as the lime hydration reaction and mechanical aeration begins as soon as the rotary mixer
blends the lime into the soil.
Soil modification occurs because calcium cations supplied by the hydrated lime replace the cations
normally present on the surface of the clay mineral, promoted by the high pH environment of the limewater system. Thus, the soil surface mineralogy is altered, producing the following benefits:
-

Reduction in moisture-holding capacity (drying)

-

Plasticity reduction

-

Swell reduction

-

Improved stability

-

The ability to construct a solid working platform

Soils stabilization occurs when lime is added to reactive soils to generate long-term strength gain
through a pozzolanic reaction. This reaction produces stable calcium silicate hydrates and calcium
aluminates hydrates as the calcium from the lime reacts with the aluminates and silicates solubilized
from the clay. The full-term pozzolanic reaction can continue for a very long period of time, even
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decades, as long as enough lime is present and the pH remains high. As a result, lime treatment can
produce high and long-lasting strength gains. Benefits of soil stabilization include:
-

Very substantial increases in resilient modulus values

-

Very substantial improvements in shear strength

-

Long-term durability

These performance benefits translate into short and long term economic benefits.
Lime proportion requirement for sediments stabilization is determined by using the pH method and
subsequently the bearing capacity of the mix is determined by CBR tests, carried out after the
determination of the Proctor curve, which correlates the maximum dry density and the optimum water
content at which this density is achieved.
This test method is used to determine the lowest percentage of lime that results in a soil-lime pH equal
to the pH of the saturated lime solution.
As mentioned above, dredged sediments have a high water content, which represents their main
limitation for use. Therefore, thanks to its ability to dry, quick lime is the most suitable hydraulic binder
for dredged sediments.
In order to determine the lime content needed to reduce the water content up to the level required for
compaction, during the CLEANSED project laboratory tests were carried out (Figure 4 and Table 7).
By this way, dredged sediments, preliminarily dewatered, are mixed in laboratory with different lime
percentages and the related water loss, due to the exothermic reaction, is evaluated as the difference
between the initial water content and the water content after stabilization.
The lime percentage to be used is that needed to achieve, after stabilization, the residual water content
close to the Proctor moisture optimum level.
Table 7 - CLEANSED Experimental results: relation between % CaO and water lost

Determination (Mean value of measurements on several samples)
% CaO

6.0

8.0

10.0

12.0

14.0

16.0

18.0

20.0

22.0

% H2O initial (at the end of
dewatering process)

38.1

38.1

38.1

38.1

38.1

38.1

38.1

38.1

38.1

% H2O after stabilization

28.0

26.6

22.4

21.4

21.0

19.0

18.8

16.7

16.1

% H2O absorbed

10.3

11.6

15.8

16.8

17.2

19.2

19.5

21.5

22.1
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Figure 10 - Lab stabilization results: %CaO versus water content

The same procedure described above may be successfully performed for any type of soils.
7.2.3.2

Cement

In the case of stabilization with cement or mixed stabilization with lime and cement, both Portland and
pozzolanic cement Rck 32.5 can be employed.
7.2.3.3

Non hydraulic binders: fly ash, blast furnace slags, pozzolanas

These are hydraulic (primary binders) or non-hydraulic (secondary binders) materials that when in
contact with water or in the presence of pozzolanic minerals react with water to form cementitious
composite materials.
Fly ash is a byproduct of coal fired electric power generation facilities; it has little cementitious
properties compared to lime and cement. Most of the fly ashes belong to secondary binders; these
binders cannot produce the desired effect on their own.
However, in the presence of a small amount of activator, it can react chemically to form cementitious
compounds that contribute to improve strength of soft soil.
Blast Furnace Slags are the by-product in pig iron production. The chemical compositions are similar to
that of cement. It is however, not cementitious compound by itself, but it possesses latent hydraulic
properties, which can develop upon addition of lime or alkaline material.
Pozzolanas are siliceous and aluminous materials, which in itself possess little or no cementitious value,
but will, in finely divided form and in the presence of moisture, chemically react with calcium hydroxide
at ordinary temperature to form compounds possessing cementitious properties.
Their characteristics depend by requirements provided from the current technical specifications.
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7.3

MECHANICAL REQUIREMENTS

To validate the formulation study, a complete mechanical laboratory characterization of the treated
sediments is needed.
For the mixture of sediments with binding agents, the mix design includes general tests for the
characterization of soils and binders and specific tests employees from the aim of treatment. The tests
to be performed are those specified in § 6.4.
The general testing concerning in particular:
- for soils: the determination of the particle size, the Atterberg limits, the natural water content,
the content of organic matter as well as the mineralogical nature;
-

for binders: the assessment of requirements established for them (for limes essentially the grain
size and the content of free lime).

The tests employees from the aim of treatment are distinguished on the basis of the intended use.
Use in embankment layers
In this case, the specific dosage testing are related to the properties which ensure good conditions of
laying: workability, compactibility and sufficient bearing capacity immediately after compaction, in order
to obtain an adequate rigidity of the support in the construction of subsequent layers.
To examine the workability, a study of the changes in consistency limits (liquid and plastic), as a function
of lime percentage, must be performed. To meet this requirement it is necessary that the lime dosage is
not lower than the minimum, calculated according to ASTM D 6276 – 99a.
With regard to the bearing capacity, an immediate CBR index must be determined on the mixtures,
which will be greater than:
- CBR = 10, for the stabilization of soils constituting the topsoil;
- CBR = 15, for the embankment layers.
The dosages so determined may be increased to take into account the constructive risks (spreading,
mixing, waits before compaction), or in order to reduce more vigorously the water content of the
sediments in presence of high natural moisture.
Use in subgrade layers
In addition to the requirements for the use in the embankment body, in this case it is also necessary to
take into account the stress transmitted from the pavements during service and actions of water and
ice.
Therefore, the mixtures must have a CBR index, after 4 days of water soacking, greater than 25%, in
order to ensure the necessary short-term capacity.
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7.4

DESIGN OF THE TRIAL ROAD EMBANKMENT

Based on the results of the formulation study needed to perform a developed material, the design of
the road construction can be carried out. It consists in the following steps:
1. to identify the demonstration area;
2. to calculate the amount of material to be handled, needed to obtain the desired longitudinal
profile;
3. to determine how to use dredged sediments and the final mechanical properties expected on
site;
4. to determine the thickness of the subgrade and pavement layers of the road structure.
The latter two steps are the most important for the project purpose because they allow to put in place
the methodologies for the reuse of sediments.
As mentioned above in § 4.1, an embankment consists of a series of compacted layers of suitable
material placed on top of each other until the level of the pavement surface is reached.
In this specific case, the embankment body refers to a volume of treated dredged sediments that is
placed and compacted for the purpose of raising the grade of a roadway above a specific level. Materials
to be used should be well graded, capable of being well compacted and capable to ensure adequate
bearing capacity.
The subgrade will be constructed by using neat pre-treated or stabilized sediments or by using other
standard materials, depending on the results of the tests performed in the previous phases.
A subgrade performance generally depends on two interrelated characteristics:
-

Load bearing capacity. The subgrade must be able to support loads transmitted from the
pavement structure. This load bearing capacity is often affected by degree of compaction,
moisture content, and soil type. A subgrade that can support a high amount of loading without
excessive deformation is considered good.

-

Volume changes. Most soils undergo some amount of volume change when exposed to
excessive moisture or freezing conditions. Some clay soils shrink and swell depending upon their
moisture content, while soils with excessive fines may be susceptible to frost heave in freezing
areas .

The pavement structure will be realized with a flexible pavements, which is surfaced with asphalt
materials. The goal of pavement design is to specify the characteristics required for quality performance
for a given application. In the design process it is necessary to take into account external parameters
including subgrade characteristics, traffic loading, and the environment (climatic conditions).
A flexible pavement structure is typically composed of several layers of material. Each layer receives the
loads from the above layer, spreads them out, then passes on these loads to the next layer below. Thus,
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the further down in the pavement structure a particular layer is, the less load (in terms of force per
area) it must carry.
The thicknesses to be assigned to the different layers will depend both on materials employed and
traffic loading, this latter expressed in terms of ESAL (Equivalent single axle load). The pavement design
will be performed according to “AASHTO Guide for Design of Pavement Structures”.
The thickness of the substrate layer, will be determined according to the Italian "Catalogo delle
pavimentazioni stradali- CNR B.U. n 178/95".
Figure 11 shows a cross section of the embankment realized within the CLEANSED Project.

Figure 11 - Cross section of the CLEANSED trial road

The different layers of the road section were composed as follows:
1.

Asphalt concrete (binder) th=10cm

2.

Granular Subbase th=20 cm

3.

Natural grass th=30 cm

4.

Subgrade layer made with soils belonging to the groups A1-a, A1-b, A2-4 sp=30cm

5.

Embankment fill material : dredged sediments stabilized with lime th=1.50m

6.

Sand bedding th=30cm

7.

HDPE Geomembrane th=2mm

8.

Extensometer system for measuring settlements at various depths in embankment body
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8. FIELD STUDY AND MONITORING
Once the formulations are prepared on a laboratory scale, the field applications can start. The
implementation phase of the field study is essential to validate the results of the mechanical and
environmental feasibility study performed in laboratory. In its content, this step includes the execution
of a road embankment in real scale, limited but significant and the monitoring of its behavior under
traffic loads.
If all the results show no deviation from the forecast, the material can therefore be considered suitable
for use, making sure to clearly define the conditions of implementation.
8.1

REALIZATION OF AN EXPERIMENTAL ROAD EMBANKMENT

The realization of an experimental road section allows to study the behavior of the road material while
overcoming scale effects, that can occur when performing laboratory tests, during construction works
and under working conditions.
It is recommended to monitor the work on a minimum 12-month period to take into account the
climatic variations of structure.
8.1.1 Construction phases of a road embankment
The description of the working phases set out in the chronological order in which embankments are
usually constructed. The more problematic embankments, such as embankments over very soft subsoils,
very high embankment or experimental section, as that planned within the CLEANSED project,
frequently require unusual construction methods and more sophisticated construction controls.
Unforeseen situations still frequently occur during construction and, what appears at first to be a
routine embankment, may present problems. Alternatively, where problems are anticipated, these may
not transpire in practice and a different set of problems may actually be encountered. Because the
necessary techniques may vary considerably in different situations, they should be individually specified
for each situation.
Regardless of the special cases mentioned above, the construction phases of an ordinary embankment
are listed and described in detail below:
1.

PREPARATION UNDER ENBANKMENTS:
-

Removal of topsoil: Topsoil' is generally understood to include all surface soils which have
sufficient humus to support plant growth without resort to artificial fertilization. Before placing
an embankment, or starting an excavation, all the accessible and fertile topsoil, together with
the natural root systems, should be removed to stock piles for later use on cut-and-fill slopes.
The depth of excavation for topsoil stripping should be carefully controlled, on the basis of
previously ascertained topsoil thickness, to avoid contamination with subsoils.
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2.

ROADBED TREATMENT: The material upon which the embankment is constructed must be
assessed for its suitability as a foundation. For reassurance on the foundation behavior, it is
important to look to the results of a site investigation.
Requirements: If there are no different and more restrictive requirements, motivated in the
design from the need to ensure the stability of the embankment, the load plate deformation
modulus Md, determined on the embankment foundation (natural or reclaimed), according to
CNR 146/92 , at the first loading cycle, within the range of 0.05 to 0.15 N/mm 2, must not be less
than:
-

15 N/mm2 (minimum value to allow the correct compaction of the layers above), when
the distance of the foundation relative to the subgrade surface is greater than 2.00 m;

-

20 N/mm2, when the distance of the foundation with respect to the subgrade surface is
comprised between 1.00 and 2.00 m;

-

30 N/mm2, when the distance of the foundation with respect to the subgrade surface is
between 0.50 and 1.00 m;

-

for distances less than 0.50 m, the requirements for subgrade (§ 7.3) will be taken into
account.

3.

DRAINAGE (if necessary)
-

The function of a subsurface drainage system is to provide a network of permeable layers,
trenches and ducts for the interception and removal of seepage water from the subgrade.

4.

CONSTRUCTION.
-

Placement. Fill material should be placed systematically and in uniform layers to the correct
width and side-slopes in order to facilitate control. Care is required to ensure that the material is
placed correctly to avoid loose, un-compacted edges, clue either to blading off of surplus
material, or to the addition of material due to insufficient width. It is essential that layers are
placed with suitable camber or cross fall in order that water may drain freely from the surface.
Saturation of the fill is to be avoided and temporary drainage systems are recommended, where
necessary. The conventionally compacted layer thickness for soil, sand, clay and gravel is 150
mm. However, layers of 200 mm to 300 mm are more in line with present conditions.

-

Stabilization of materials (if necessary to ensure Specification requirements);

-

Compaction. The types of compaction equipment used are the prerogative of the contractor. In
general, however, the smooth steel-wheeled, vibrating drum and pneumatic tired rollers work
well on coarse grained cohesionless material. The pneumatic tired rollers usually work well on
cohesive or sticky material. If adequate compaction is not attained, the thickness of the layer
may have to be reduced or the size of the roller or number of passes may have to be increased.
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For any given soil used in an embankment, the solidity of its structure is generally measured in
terms of its dry density, i.e. the weight of solids per unit volume in place, and its bearing
capacity in terms of In-situ CBR or static load plate deformation Modulus (Md).
Since the densification of embankment soils in earthworks is usually achieved by the application
of a compactive effort using mechanical equipment, the relative density of the soil structure is
referred to as the degree, or state, or percentage of compaction. To measure the relative
density, the dry density of the layer in the field is compared with the maximum dry density that
can be achieved in the laboratory, on the same soil, using a standard compactive effort. The
resulting percentage compaction expresses the degree of solidity of the soil structure in the
embankment. To achieve the maximum density in an embankment material with the minimum
effort, the material must be at the correct moisture content during compaction.
-

Control of material quality and compaction The quality of the material is usually monitored
only if the embankment design requires selective placing. Moisture and compaction control, as
stated above, are necessary and fundamental to secure the satisfactory quality of embankments
and subgrades essential for long life performance of pavements.
In order to ensure that there is suitable support for pavement layers, it is normally specified that
the top layer, i.e. selected subgrade, should consist of a good-quality material, as well as the
embankment layers which must ensure support to overlying layers. The requirements for the
different materials, normally stated in the Technical Specifications, are given below in Table 8
and depend on traffic load previsions.
Table 8 - Quality criteria and requirements for subgrade and embankment layers

Layer

Traffic

Degree of compaction
% γdmaxProctor

Deformation
modulus
2
Md ( N/mm )

H e HH

≥ 95% AASHTO Mod.

≥ 50

LeM

≥ 93% AASHTO Mod.

≥ 40

H e HH

≥ 92% AASHTO Mod.

≥ 30

LeM

≥ 90% AASHTO Mod.

≥ 25

Subgrade

Embankment body
H: heavy; M: medium; L: light

8.1.2 Technical characteristics of the trial road embankment
During the CLEANSED project, with the above amounts of sediments decontaminated, air-dried and
treated was achieved about 100m long road with significant height of embankment (at least 1.80 m).
The experimental embankment was built on a cycle path along the right side of the Navicelli Canal.
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First of all, the existing cycle path throughout the required area of the project (about 1500 m2) has been
completely excavated. In order to evaluate the effectiveness of sediments stabilization, two phenomena
must be understood: the layers consolidation and the bearing capacity.
In order to evaluate the consolidation process of the embankment, field measurement of ground
settlements at a given depth is essential. By this way it is also possible to evaluate the behavior of the
embankment under traffic load.
The settlement columns installation has proceeded in parallel with the construction phases. The
executive design of the road section is reported above in § 7.4.
8.1.3 The CLEANSED construction procedure
Those reported in the following are the phases of the CLEANSED construction procedure, which will be
explained below in detail.
1.

PREPARATION UNDER ENBANKMENT: Excavation

The required area of the project (about 1500 m2) has been completely excavated. The depth of
excavation should be carefully controlled, on the basis of previously embankment height provided.

Figure 12 - Working phases: excavation

2.

ROADBED TREATMENT: Compaction of natural subgrade (embankment foundation) and control
(Figure 13).

After the excavation, the verification of the bearing capacity of the natural subgrade properly
compacted was carried out by in-situ CBR, DCP and static Load plate tests.

Deliverable D8- CLEANSED Manual for the use of decontaminated sediments in road building

47/70

UNIVERSITÀ DI PISA
Dipartimento di Ingegneria Civile e Industriale

Figure 13 - Working phases: Compaction of natural subgrade

3.

CONSTRUCTION, COMPACTION and CONTROL OF MATERIAL QUALITY AND COMPACTION

Laying of HDPE geo-membrane
After the verification of the bearing capacity of the natural subgrade, the high density polyethylene
(HDPE) geo-membrane was placed. On the HDPE, a sand layer of 20 cm was laid in order to protect the
geo-membrane itself during the working operations.
The HDPE geo-membrane is used to form a homogeneous chemical-resistant barrier, with the intention
of preventing the pollution of soil and groundwater by the liquid constituents of solid waste.

Figure 14 - Installation of HDPE geomembrane

After fixing 1 m long telescopic bottom end tube with magnetic target ring that has the function of
datum point for the extensometer system, and after positioning the first magnetic ring on the sand layer
(bottom of the embankment), the construction of the embankment started, proceeding with the
stabilization with lime of the dredged sediments.
The dredged sediments were transported from the storage site, located about 20 km away, to the
construction site area by trucks.
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STABILIZATION
Layers of about 25 cm thickness were created in order to allow the stabilization process.
The construction of stabilized layers follows the same procedure whether the stabilizing agent is
cement, lime or mixtures of lime-cement. After the surface of the layer has been shaped, the stabilizer is
spread and then mixed through the layer. The amount of water was controlled by using calcium carbide
according to BS 6576. The layer must be compacted as soon as possible, trimmed and re-rolled.
The working phase are shown in Figure 16 and Figure 17.
-

Spreading the lime

Mechanical spreaders were used to gauge the required amount of stabilizer onto the surface. In this
case since the moisture content of sediments was too high, 15% of lime was spread. However, in
general, the amount of lime, or other binding agent, necessary for the stabilization will be determined
according to the methodologies described above in §7.2. Lime has a much lower bulk density than
cement and this makes possible to achieve a more uniform distribution with lime.
-

Mixing

Robust mixing equipment of suitable power for the pavement layer being processed is best able to
pulverize the sediments and blend it with the stabilizer. The most efficient of these machines carry out
the operation in one pass, enabling the layer to be compacted quickly and minimizing the loss of density
and strength caused by any delay in compaction. Graders have been used to mix stabilized materials but
they are inefficient for pulverizing materials and a number of passes are needed before the quality of
mixing is acceptable. Graders should only be considered for processing lime-stabilized layers. Depending
on the moisture degree and on the amount of stabilizing agent used, it may be necessary to repeat the
spread several times and mixing lowest thickness of the layer to facilitate the workability.

Figure 15 - Stabilization works: spreading of lime
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Figure 16 - Stabilization works: mixing

-

Compaction

A stabilized layer must be compacted as soon as possible after mixing has been completed in order that
the full strength potential can be realized and the density can be achieved without overstressing the
material. If the layer is overstressed, shear planes could form near the top of the layer and premature
failure along this plane is likely to create, particularly when the layer is only covered by a surface
dressing. Two types of roller were used: a vibrating pad foot roller and a smooth steel-wheel roller for
the last pass to smooth the surface. If necessary, two-layer construction can be employed to ensure
effective compaction throughout the stabilized material.
The specifications require that each layer of the embankment be compacted to achieve a satisfactory
compaction, defined as 90% (95% in the subgrade area) of Standard Proctor Maximum Density.

Figure 17 - Stabilization works: compaction

The subgrade and subbase layers, which require a greater bearing capacity, were constructed with
materials that are different from the dredged sediments because these latter don’t allow to ensure
appropriate bearing capacity.
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Figure 18 - Working phases: placement of subgrade, granular subbase and asphalt pavement

The surface layer of the pavement was constructed by using a binder type Hot Mix Asphalt.
Figure 14 shows the test road section at the end of the works.
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Figure 19 - Test road section

Control of compaction
Testing control activities will be done in parallel with the construction works. Performing testing without
inspecting construction operations should be avoided. However, testing is certainly desirable and
recommended, particularly early in the operation or when work with different types of soils or
compaction equipment is initiated.
In the experimental embankment construction, each layer was covered with a new layer only after the
achievement of the required performance of the previous layer by verification of the suitability of the
previous layer: bearing capacity through the evaluation of the elastic Modulus by using the static and
dynamic plate load tests, CBR by using the DCP (Dynamic Cone Penetrometer), and in-situ density.
Particularly recommended, during the stabilization phase, is the control of the water content of the
dredged sediments, which should be next to the optimum value. If measured water content is greater
than the optimum value, the addition of lime must be determined with reference to what has been said
above in § 7.2.3.1.The maximum dry density and the optimum water content at which this density is
reached are previously determined in laboratory by Proctor test.
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Figure 20 - Embankment layers and settlements position

Therefore, the testing control will provide tests listed below in Table 9:
Table 9 - Reference standards for in-situ tests

Test

Reference Standard

Speedy moisture content by using calcium carbide
Determination of field densityby sand-cone apparatus
Evaluating of Elastic Modulus using the static plate

BS 6576
B.U. CNR n. 22/1972
B.U. CNR n. 146/1992

Evaluating of Dynamic Modulus using the dynamic plate

ASTM E2835–11; ASTM E2583–07

In-situ and laboratory CBR index

ASTM D6951-03, UNI EN 13286-47

Full characterization of the asphalt mix

Static load plate test

Several standards

Dynamic load plate test
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Dynamic Cone Penetrometer (DCP) test

Field density

Speed moisture content by using calcium carbide

In-situ CBR test

Figure 21 - Field investigation during construction works

8.1.4 Testing control results
In Table 10 the most important results of in-situ tests are shown. Because of the optimum Proctor
density of the dredged sediments stabilized with lime is known (1.650kg/dm3), it can be calculated the
mean value of the compaction degree for the stabilized layers equal to 94%, this represents a good
value for the embankment layers.
In the subsequent Table 11and Table 12 are reported the test results of in- situ CBR measured by DCP
for the natural subgrade and the last layer of the embankment after compaction.
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Table 10 - In-situ test results

Layer
Natural subgrade

Mean value of
a series of measurements for each layer
Elastic Modulus
Dynamic Modulus
Field density
3
Md [MPa]
Ed [MPa]
[kg/dm ]
13
29

I embankment layer

46

122

1.580

II embankment layer

44

122

1.547

III embankment layer

70

130

1.531

IV embankment layer

50

113

1.509

V e VI embankment layer

32

113

1.604

Granular Subbase

39

-

Subgrade

69

144

Table 11 - In-situ CBR (measured by DCP) on the natural subgrade

Depth [mm]
0
252
461
639
809

Natural subgrade
CBR [%]
-----4
4
5
6

CBR %
1

10

100

1000

0

100

200

Depht (mm)

300

400

500

600

700

800

900
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Table 12 - In-situ CBR (measured by DCP) on the last layer of the embankment

0
108
273
452
525
588
645
690
741
786
828

VI embankment layer
CBR [%]
-----9
6
5
14
17
19
24
22
25
27

CBR %
1

10

100

1000

0

100

200

300

Depht (mm)

Depth [mm]

400

500

600

700

800

900

Results show the compliance with the specifications.
8.2

MONITORING

It was emphasized earlier that the successful production of a highway is a continuous process that ends
only when the road is finally abandoned. All embankments move after construction and they react to
the environment, both natural and artificial. In most cases the movements are insignificant, but in other
cases they may indicate the beginning of a dangerous situation. Since not all embankments can be
instrumented, it is clear that considerable thought must be given to the purpose of the measurement of
movements.
There are two purposes. The first is to monitor the embankment during and immediately after
construction both to ensure that the behavior is as anticipated, and to control the work program. The
second purpose of instrumentation is to serve as a long-term warning system.
Various measuring systems can be used for site investigation and design for road embankments; the
usual measurement systems detect changes in vertical displacements, but can range depending on the
parameter that is considered more important to evaluate
8.2.1 CLEANSED Monitoring
The CLEANSED monitoring activities was carried out both on the constructed trial road embankment and
in laboratory by tests carried out on pavement layer materials with the aim of evaluating their
resistance parameters.
For the field monitoring activities, it was necessary to load the trial section with a mobile load, which
simulates the action of vehicle traffic; this was achieved by a truck that moved on the pavement for a
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specific number of loading cycles. The consolidation process of the embankment and was investigated
by measuring over time, at specific loading cycles, the following parameters:
-

Settlements;

-

rut depths.

In order to evaluate the bearing capacity under traffic loads, tests were carried out in laboratory on
pavement layer materials for determining resistance to rutting.
Ruth depths were measured, by using laser profilometer, in four different measuring points of the road
section; at the same time, rutting resistance was evaluated in lab on specimens of asphalt pavement
material by using a double wheel trucking (DWT) traffic simulator.

Figure 22 - Truck passages for simulate the action of vehicle traffic

The passes of the different types of axles were converted into equivalent axes (the weight of an
equivalent axis corresponds to 80 KN).
The approach is to convert damage from wheel loads of various magnitudes and repetitions (“mixed
traffic”) to damage from an equivalent number of “standard” or “equivalent” loads. The used equivalent
load in Italy is the 8.2 t (80 kN) equivalent single axle load (normally designated ESAL).
At the time of its development it was much easier to use a single number to represent all traffic loading
in the somewhat complicated empirical equations.
ESAL   EALFi  Nc ,i

 N 82 
 axle load equivalency factor
 Ni 

EALFi = l og

 1
N 
1
log 82   6.12  G  

 Ni 
  82  i


  4.79  log(L1  L2 )  4.33  logL2


where: N = axle applications inverse of equivalency factors (where N82 = number of 8.2 t (80 kN) single
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axle loads)
Lx = axle load being evaluated (kips)
Li = Code for axle configuration
1 = single axle
2 = tandem axle
3 = triple axle

G=

 4.2  PSIf  a function of the ratio of loss in serviceability (PSI) at time, t, to the
log

 4.2  1.5 

potential loss taken at a point where pt = 1.5
pt = “terminal” serviceability index (point at which the pavement is considered to be at the end
of its useful life)
0.081  L1  L2 3.23 function which determines the relationship between serviceability
SN  15.19  L32.23
b=
and axle load applications
0.4 

SN = Structural Number. It represents the overall structural requirement needed to sustain the
design traffic loadings. It is an abstract number that expresses the structural strength of a
pavement required for given combinations of soil support (MR), total traffic expressed in
ESALs, terminal serviceability and environment.
SN = a1D1 + a2D2M2 + a3D3M3
where:
a1, a2, a3 = structural-layer coefficients of the wearing surface, base, and subbase layers, respectively,
D1, D2, D3 = thickness of the wearing surface, base, and subbase layers in inches, respectively, and
M2, M3 = drainage coefficients for the base and subbase, respectively.
In this specific case, considering the simple pavement structure, composed from 10 cm binder layer and
20 cm base layer, SN=7.1 cm.
Table 13 shows the passes of the different types of axles converted into equivalent axes.
Table 13 - Number of single axle load applications - ESAL

Axle

Axle load
(kN)

Axle load
(kip)

L2

b

EALF

Ni

ESAL

single

69.14

15.54

1

1.088

0.53

2,000

1051

single

60.31

13.55

1

0.856

0.32

2,000

640

tandem

195.05

43.83

2

2.374

2.74

2,000

5480

single

75.51

16.97

1

1.300

0.73

1,450

1058

tandem

223.20

50.16

2

3.398

4.80

1,450

6959

tandem

250.46

56.28

2

4.691

7.87

1,450

11410

Total ESAL

26598
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8.2.1.1

Settlements monitoring

Field measurement of ground settlements at a given depth is essential in geotechnical monitoring to
evaluate the relation between stress and strain.
Settlements measurement was carried out in two different sections and at various depths of the
embankment body by using multipoint settlement systems.
A number of magnetic rings was placed on the bottom, in the middle and at the top of the embankment
body, where the stabilized dredged sediments were employed.
Figure 23 shows the installation phases of the extensometer system during the construction of the trial
embankment.

Figure 23 - Installation phases of the extensometer system

The system consists of an access tube with external corrugate pipe, magnet rings, telescopic bottom
section with datum ring and suspension head. The magnetic rings (measuring points), placed along the
tube move together with the surrounding soil along the axis of the access tube (Figure 24).
The magnetic targets follow the ground during the settlement. The measurement is done by a special
dipmeter with millimetric tape with a tip-switch that is activated by the magnetic field generated by the
target rings (Figure 25).
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3rd Ring
2nd Ring
1st Ring

Figure 24 - Magnet extensometer system installation scheme and localization of the measure points in the embankment
body

Comparison of surveys taken over time provide profiles of settlement; the reading of vertical
displacements is carried out by means of the so-called “settlement gages”.

Figure 25- Settlement measurements

The following Figure 26, Figure 27 and Figure 28 show the results of the readings for each measurement
station plotted at given depths respectively in function of ESAL and time.

Deliverable D8- CLEANSED Manual for the use of decontaminated sediments in road building

60/70

UNIVERSITÀ DI PISA
Dipartimento di Ingegneria Civile e Industriale

3rd ring - at the top of embankment body
4.0

Vertical displacement [mm]

3.5
3.0

extensometer
system 1

2.5
2.0
1.5

extensometer
system 2

1.0
0.5
0.0
0
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Figure 26 - Vertical displacement at the top of embankment body (3 ring)
2nd ring - in the middle of embankment body
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Figure 27 - Vertical displacement in the middle of embankment body (2 ring)
1st ring - on the bottom of embankment body
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Figure 28 - Vertical displacement on the bottom of embankment body (1 ring)
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On the basis of the results of the performed monitoring, the following conclusions can be drawn: the
settlements recorded in each measurement station for each magnetic ring are similar. These
phenomena can be ascribed to the natural slowly consolidation process that occurs on the natural
subgrade (embankment foundation), while the embankment body is not affected by consolidation
process due to the traffic load passes.
This result confirms that after stabilization and compaction, the density of sediments do not continue to
increase under traffic loads, ensuring their suitability for the intended use.
8.2.1.2

Rut depth monitoring and evaluation of rutting resistance of asphalt pavement

Ruts in the pavement surface manifest as a continuous depression in a longitudinal direction in the area
of the wheelpaths. Pavement uplift (shearing) may occur along the sides of the rut.
There are two basic types of rutting: mix rutting and subgrade rutting.
Mix rutting occurs when the subgrade does not rut yet the pavement surface exhibits wheel path
depressions as a result of compaction/mix design problems. Subgrade rutting occurs when the subgrade
exhibits wheelpath depressions due to loading. In this case, the pavement settles into the subgrade ruts
causing surface depressions in the wheelpath (Figure 29).

Figure 29 - Rutting phenomena

The field monitoring testing consisted of rut depth measurements by stationary laser profilometer in
four different measuring points across the wheelpaths (Figure 30).

Figure 30 - Position of the transverse profiles
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The stationary laser profilometer is classified as a non-contact device according to the ISO/TS 13473-3
standard (2001) (Figure 31). Its main components are a laser box containing the source and the receiver,
a support frame, a displacement sensor, a control unit and management software. The control unit and
the management software associate the output deriving from the source/receiver set with the output
deriving from the displacement sensor, so that each height measured is matched to the corresponding
longitudinal distance. The profile recorded will be identified by a discrete sequence of heights
approximating the real profile.

Figure 31 - Rut depth monitoring

The rut depth is defined as the greatest deviation of the transverse profile of a pavement surface and a
virtual straight reference line of length sliding on the surface of the profile within the limits of the
analyzed width, by leaving an edge of the rut towards the other edge (Figure 32).
28

Elevation [mm]

26

24

h [mm]
h filtered [mm]

22

Rut depth

20

18
0
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Figure 32 - Rut depth according to EN 13036-8:2008 standard
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The results of measurements, analyzed according to EN 13036-8:2008 standard, were shown as a
function of loading cycles (Table 14). Very low values of wheel path were found on the experimental
road.
Table 14 - Rut depth vs ESAL

Rut depth [mm]

ESAL
Position 1

Position 2

Position 3

Position 4

0

0.22

0.30

0.28

0.23

1076

0.40

0.54

0.37

0.60

2151

0.46

0.86

0.93

0.64

3227

0.57

0.90

0.99

0.79

4661

0.61

1.14

1.06

0.84

5916

0.91

1.26

1.10

1.06

7170

1.03

1.32

1.39

1.08

13200

1.20

1.38

1.62

1.29

26598

1.38

1.47

1.73

1.49
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Figure 33 - Position 1: rut depth vs ESAL
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Figure 34 - Position 2: rut depth vs ESAL
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Figure 35 - Position 3: rut depth vs ESAL
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Figure 36 - Position 4: rut depth vs ESAL

A typical classic rutting prediction model used in pavement design is:
ε(N)=ε0 +ε̇ ∙N
where:
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N

load applications

(N)

permanent deformation at N load applications

0

permanent deformation at N=0 load applications

ε̇

rate of deformation

In Figure 33, Figure 34, Figure 35 and Figure 36 the rutting prediction model is represented with a
straight red line. The parameters of the model (0; ε̇ ) are reported in Table 15.
Table 15 - Parameters of the rutting prediction model

Parameter

Position 1

Position 2

Position 3

Position 4

0 [mm]

0.93

1.21

1.33

0.97

ε̇ [mm/load applications]

1.73E-05

1.33E-05

1.60E-05

2.00E-05

In order to assess whether the rutting was due to the densification of the asphalt layers or to the
embankment layers, specimens of asphalt concrete were tested to evaluate the rutting resistance by
using a double wheel tracking (DWT) traffic simulator.
Laboratory wheel-tracking devices (Figure 37) are used to run simulative tests that measure asphalt
materials qualities by rolling a small loaded wheel device repeatedly across a prepared specimen.
Performance of the test specimen is then correlated to actual in-service pavement performance; this
devices can be used to evaluate rutting and stripping potential under specific laboratory conditions (e.g.,
load, number of wheel passes, temperature) that produce consistent and accurate correlations with
field performance.

Figure 37 - Double wheel-tracking device and rutting resistance test

Figure 38 shows a typical plot from a DWT test and the key plot parameters.
The following parameters are measured and reported:
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Post-compaction consolidation. The rut depth at 1,000 load cycles is assumed due to continued
consolidation.
Creep slope. The inverse of the rutting slope after post-compaction consolidation but before the
stripping inflection point. Creep slope is used to evaluate rutting potential instead of rut depth because
the number of load cycles at which moisture damage begins to affect rut depth varies between asphalt
mixtures and cannot be conclusively determined from the plot.
Stripping inflection point. The point at which the creep slope and stripping slope intercept. This can
be used to evaluate moisture damage potential. If the stripping inflection point occurs at a low number
of load cycles (e.g., less than 10,000), the asphalt mixture may be susceptible to moisture damage.
Stripping slope. A measure of the accumulation of moisture damage. As with flow time and flow
number, this portion of the plot may contain tertiary flow as well, however it is not possible to separate
out moisture damage from tertiary viscous flow.

Figure 38 - Rut depths vs. number of wheel passes

In Figure 39 and Figure 40 are shown the results of rutting tests performed on two specimen of asphalt
concrete.
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Figure 39 - Specimen 1: Rut depths vs. number of wheel passes

7500

7000

6500

6000

5500

5000

4500

4000

3500

3000

2500

2000

1500

1000

500

0

number passes

0

2

Rut depth [mm]

4

6

8

10

12

Figure 40 - Specimen 2: Rut depths vs. number of wheel passes

In Table 16 are reported the parameters determined by the wheel tracking tests carried out at the
temperature of 60 °C.
Table 16 - Parameters of the wheel rutting test

Specimen ID

Creep slope
[mm/number of
passes]

Strip slope
[mm/number of
passes]

N_SIP
[number of
passes]

SIP
[mm]

Specimen 1

5.76E-04

1.34E-03

4708

3.16

Specimen 2

6.99E-04

1.63E-03

5535

4.77

Deliverable D8- CLEANSED Manual for the use of decontaminated sediments in road building

68/70

UNIVERSITÀ DI PISA
Dipartimento di Ingegneria Civile e Industriale

Observing the values shown in Table 15 and Table 16, it can be noted that the rate of deformation
determined in situ and that observed in laboratory by rutting tests are quite similar. The slight
difference is due to the higher temperature at which the lab tests performed by DWT were carried out.
On the basis of the findings, it can be concluded that the transverse deformation observed on
pavements are due to the densification phenomena of the asphalt layers and not to the insufficient
structural capacity of the sediment layers.
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9. CONCLUSIONS
To validate the use of dredged sediments as structural materials for road construction the results of
monitoring should be taking into consideration. The monitoring activities were performed into two
phases.
In the first phase, tests were carried out during the construction works at the end of each working phase
on each layer of the road structure.
The results of in-situ tests show that materials placed and well compacted respect the requirements
provided by current technical standards of the sector .
The second phase of the monitoring activities was carried out both on the constructed trial road
embankment under traffic load passes and in laboratory by tests performed on pavement layer
materials with the aim of evaluating their resistance parameters.
Settlements and rut depths were monitored in situ. The results show that after about 26,000 passages of
equivalent axle, vertical displacements and rut depth values are very low.
The following considerations can be drawn:
-

On the basis of the results of the settlement measurements, it was found that the vertical
settlements recorded in each measurement station for each magnetic ring are similar. This means
that the displacement phenomena can be ascribed to the natural consolidation process that occurs
on the natural subgrade (embankment foundation), while the embankment body is not affected by
consolidation process due to the traffic load passes.

-

In order to assess whether the rutting phenomena were due to the densification of the asphalt
layers or to the embankment layers made by sediments two types of investigation were performed:
in-situ profilometer tests to evaluate the rut depth and laboratory rutting tests, by using a traffic
simulator, to evaluate the rutting resistance.
Therefore, a reference parameter, the rate of deformation, was determined in two different ways:
1. by using a rutting prediction model used in pavement design, for processing the in-situ
measurements;
2. by determination of the wheel tracking tests parameters, for specimens of asphalt material.

Since the rate of deformation determined by using a rutting prediction model and that observed in
laboratory by rutting tests are quite similar, it can be concluded that the transverse deformation
observed on pavements are due to the densification phenomena of the asphalt layers and not to the
insufficient structural capacity of the sediment layers.
The results obtained are very promising: they show that, if properly treated, the dredged sediments can
be used advantageously as structural materials in road construction.
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