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Preface

Encyclopaedia of Geotechnical Engineering: Principles and Practices offers students
and practicing engineers a concise, easy-to-understand approach to the principles and
methods of soil and geotechnical engineering. This updated classic builds from basic
principles of soil mechanics and applies them to new topics, including mechanically
stabilized earth, and intermediate foundations. Geotechnical engineering is the branch
of civil engineering concerned with the engineering behavior of earth materials. Geo-
technical engineering is important in civil engineering, but also has applications in
military, mining, petroleum and other engineering disciplines that are concerned with
construction occurring on the surface or within the ground. Geotechnical engineering
uses principles of soil mechanics and rock mechanics to investigate subsurface condi-
tions and materials; determine the relevant physical/mechanical and chemical proper-
ties of these materials; evaluate stability of natural slopes and man-made soil deposits;
assess risks posed by site conditions; design earthworks and structure foundations; and
monitor site conditions, earthwork and foundation construction. Geotechnical Engi-
neering Soil Mechanics focuses on soil engineering, updated to include the latest soil
testing methodologies and technologies. First chapter aims to summarize the potentials
of sequential extraction technique adopting different analytical protocols for gaining
information on the mobility and dynamics of operationally determined chemical forms
of heavy metals in soils and sediments. The aim of second chapter is to evaluate the
behavior of a tropical soil, and their performance as liner against the flow of hydro-
carbons from gasoline, by interpreting transportation according to physical and chemi-
cal parameters, as well as micromorphological aspects. Third chapter investigates the
potential of multiple linear regressions and Artificial Neural Networks (ANN) based
models to improve soil moisture estimation in south-eastern New Mexico using high
resolution Radarsat 1 SAR imagery. Chapter four discusses anthrax and the geochem-
istry of soils in the contiguous United States. Fifth chapter presents a brief overview
of ANN applications in geotechnical engineering, briefly provides an overview of the
operation of ANN modeling, investigates the current research directions of ANNs in
geotechnical engineering, and discusses some ANN modeling issues that need further
attention in the future, including model robustness; transparency and knowledge ex-
traction; extrapolation; uncertainty. The objectives of sixth chapter are to characterize
the geotechnical properties of low compacted spoils on steep slopes constructed ac-
cording to the FRA, and investigate the likely failure mechanisms associated to steep
slopes reclaimed using the FRA. Natural variability of shear strength in a granite resid-
ual soil from Porto has been described in seventh chapter and eighth chapter presents
on the electrokinetic stabilization of soft soil using carbonate-producing bacteria. The
purpose of ninth chapter is to investigate the effect of dynamic compaction process on
the behavior of gypseous soils. Compression and consolidation anisotropy of some
soft soils are described in tenth chapter. Geotechnical, chemical and mineralogical
evaluation of lateritic soils in humid tropical area are presented in last chapter.
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Chapter 1

GEOCHEMICAL SPECIATION AND RISK
ASSESSMENT OF HEAVY METALS IN SOILS
AND SEDIMENTS

INTRODUCTION

Heavy metal pollution is a serious and widely environmental problem due
to the persistent and non-biodegradable properties of these contaminants.
Sediments serve as the ultimate sink of heavy metals in the marine environment
and they play an important role in the transport and storage of potentially
hazardous metals. They are introduced into the aquatic system as a result of
weathering of soil and rocks, from volcanic eruptions and from a variety of
human activities involving mining, dredging, processing and use of metals
and/or substances containing metal contaminants. Heavy metals entering
natural water become part of the water-sediment system and their distribution
processes are controlled by a dynamic set of physicochemical interactions
and equilibria. The properties of metals in soils and sediments depend on the
physiochemical form in which they occur [1]. Heavy metals are distributed
throughout soil and sediment components and associated with them in various
ways, including adsorption, ion exchange, precipitation and complexation
and so on [2]. Changes in environmental conditions, such as temperature,
pH, redox potential and organic ligand concentrations, can cause metals to
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be released from solid to liquid phase and sometimes cause contamination of
surrounding waters in aquatic systems [3]. They are not permanently fixed
by soil or sediment. Therefore, it cannot provide sufficient information about
mobility, bioavailability and toxicity of metals if their total contents are studied
alone.

Natural and anthropogenic activities have the capacity to cause changes
in environment conditions, such as acidification, redox potential, or organic
ligand concentrations, which can remobilize contaminated soils and sediments
releasing the elements from soils and sediments and pore water to the water
column resulting contamination of surrounding waters. Daily tidal currents,
wind energies, and storms in coastal and estuarine systems can cause periodical
remobilization of surface sediments [4]. More turbulent conditions, such as
seasonal flooding or storms, or bioturbation, due to feeding and movement
of benthic organisms, can expose anoxic sediments to oxidant conditions. In
addition, activities such as dredging result in major sediment disturbances,
leading to changes in chemical properties of sediment [5].

The remediation of heavy metal pollution is often problematic due to their
persistence and non-degradability in the environment. As a sink and source,
soils and sediments constitute a reservoir of bioavailable heavy metals and
play a significant role in the remobilization of contaminants in the aquatic
systems under favorable conditions. Such potential of sediment for being a
sink as well as a source of contaminant can make sediment chemistry and
toxicity key components of the quality of aquatic system. Much concern has
been focused on the investigation of the total element contents in soils and
sediments. However, it cannot provide sufficient information about mobility,
bioavailability and toxicity of elements and thus may not be able to provide
information about the exact dimension of pollution. The data on total contents
of metals are quite insufficient to estimate the possible risk of remobilization
of total metals under changing environmental conditions and potential uptake
of liberated metals by biota and thus the determination of different fractions
assume great importance. This has been described as “speciation” [6]. Since
each form have different bioavailability and toxicity, the environmentalists
are rightly concerned about the exact forms of metal present in the aquatic
environment.

The concept of speciation dates back to 1954 when Goldberg introduced
the concept of speciation to improve the understanding of the biogeochemical
cycling of trace elements in seawater. Kinetic and thermodynamic information
together with the analytical data made it possible to differentiate between
oxidized versus reduced, complexed or chelated versus free metal ions in
solution and dissolved between particulate species. Florence [7] has defined the
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term speciation analysis as the determination of the individual physicochemical
forms of the element, which together make up its total concentration in a sample.
According to Lung [8], speciation analysis involves the use of analytical
methods that can provide information about the physicochemical forms of
the elements. Schroeder [9] distinguishes physical speciation, which involves
differentiation of the physical size or the physical properties of the metal, and
chemical speciation, which entails differentiation among the various chemical
forms. The main objective of measuring metal species relates to their relative
toxicities to aquatic biota. The second and long term aim of speciation studies
is to advance an understanding of metal interactions between water and bed
sediments in an aquatic ecosystem. In the last decade researchers have followed
different sequential extraction techniques for the fractionation of metals in
sediments of different river systems. Rauret et al. [10] studied the speciation of
copper and lead in the sediments of River Tenes (Spain) while Pardo et al. [11]
studies the speciation of zinc, cadmium, lead, copper, nickel and cobalt in the
sediments of Pisuerga River, Spain, in order to establish the extent to which
these are polluted and their capacity to remobilization. Jardo and Nickless [12]
investigated the chemical association of zinc, cadmium, lead and copper in soils
and sediments of England and Wales. In most samples, these four metals were
associated with all the chemical fractions. Tessier et al. [13] studied speciation
of cadmium, cobalt, copper, nickel, lead, zinc, iron and manganese in water and
sediments of St. Fransois River, Quebec, Canada. Elsokkary and Muller [14]
studied speciation of chromium, nickel, lead and cadmium in the sediments
of Nile River, Egypt, reporting that a high proportion of chromium, nickel
and lead is bound to organic material and sulphides, while cadmium is bound
to carbonate fraction. Ure [15] and Rauret [16] have reviewed the chemical
extraction procedures used for heavy metal determinations in contaminated
soils and sediments. Owing to the need for validation of extraction schemes,
the EC Measurement and Testing Programme (formerly BCR) has organized
a project for improving the quality of determinations of extractable heavy
metals, where development and validation of extraction procedures has been
discussed [17, 18].

The present article aims to summarize the potentials of sequential extraction
technique adopting different analytical protocols for gaining information on the
mobility and dynamics of operationally determined chemical forms of heavy
metals in soils and sediments. The BCR (Community Bureau of Reference,
now superseded by the Standards, Measurement and Testing Programme of
the European Community) procedure has been illustrated considering the
case study of Ganges (Hugli) River Estuary and adjacent Indian Sundarban
mangrove wetland (a UNESCO World Heritage Site), northeastern part of
the Bay of Bengal. In addition, the authors also evaluate the modified BCR
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sequential extraction technique as devised by various scientists, the risk
assessment code (RAC) as well as assessment of toxicity comparing with
sediment quality guidelines. The RAC classification is based on the strength
of the bond between the metals and the different geochemical fractions in
sediments or soils and the ability of metals to be released and enter into the
food chain.

SEQUENTIAL EXTRACTION: MERITS AND DEMERITS

The sequential extraction provides more or less detailed information concerning
the origin, mode of occurrence, biological and physicochemical availabilities,
mobilization and transport of heavy metals. The procedure stimulates the
mobilization and retention of these species in the natural environment using
changes in environmental condition such as pH, redox potential and degradation
of organic matter [16]. A series of reagents is applied to the sample, increasing
the strength of the extraction at each step, in order to dissolve the trace metal
present in different sediment phases. The extractants are inert electrolytes,
weak acids, reducing agent, oxidizing agents and strong mineral acids [19].

The 3-stage sequential extraction procedure proposed by the European
Community Bureau of Reference (BCR) was developed in an attempt to
standardize the various schemes described in the literature [2, 20,21], since the
use of different procedures, varying in the number of steps, types of reagents
and extraction condition. Hindered comparison of results obtained in the many
studies of heavy metals chemical fractionation in environmental samples [22].

The BCR methods has been widely adapted by various authors, and
applied to a range of type of solid sample including fresh water sediment [23-
25], salt water sediment [26-28], sewage sludge and particulate matter [29-31].
This scheme enables us to associate the meals with one of the following four
geochemical phases:

I.  Acid-soluble phase: This phase is made up of exchangeable metals and
others bound to carbonates that are able to pass easily into the water
column, for example, when the pH drops. It is the fraction with the most
labile bond to the soil/sediment and, therefore, the most dangerous for
the environment.

I1. Reducible phase: This phase consists of metals bound to iron and
manganese oxides that can be released if the sediment changes from
the oxic to the anoxic state, which could be caused, for example, by the
activity of microorganisms present in the soils/sediments.

III.  Oxidisable phaée: This shows the amount of metal bound to organic



Geochemical Speciation and Risk Assessment of Heavy Metals in Soils ... 5

matter and sulphides, which can be released under oxidizing conditions.
Such conditions can occur, for example, if the sediment is resuspended
(by dredging, currents, flooding, tides, etc.) and the sediment participles
come into contact with oxygen-rich water.

IV. Residual phase : Lithogenous and inert (Non-bioavailable).

The heavy metals in the soils and sediments are bound to different fractions
with different strengths, the value can, therefore, give a clear indication of
soil and sediment reactivity, which in turn assess the risk connected with the
presence of heavy metals in a terrestrial or aquatic environment. The rationale
of the sequential extraction procedure is that each successive reagent dissolves
a different component, which can content heavy metals within their crystalline
structures. Under natural conditions, metals in minerals are unlikely to
experience significant release over the time frames of interest [32, 33].

ANALYTICAL PROTOCOLS FOR SEQUENTIAL
EXTRACTION

In recent years a great number of papers have been published on various
analytical techniques proposed for the fractionation analysis of trace elements
in various environmental samples (soils, sediments, etc.). An approach that has
been found to be preferable is the fractionation of heavy metal into operationally
defined forms under the sequential action of different extractants [2]. Selective
extractants, used in sequential extraction procedures, are aimed at the simulation
of natural conditions whereby metals associated with certain soil (sediment)
components can be released. For example, changes in the ionic composition
affecting adsorption—desorption reactions or a decrease in pH may lead to the
release of metals, retained on a matrix by weak electrostatic interactions or
co-precipitated with carbonates (“‘exchangeable” and “acid soluble” forms).
Decreasing the redox potential can result in dissolution of oxides, unstable under
reducing conditions, and liberation of scavenged metals (“reducible” forms).
Changes in oxidizing conditions may cause the degradation of organic matter
and release of complexed metals (“oxidizable” forms). Finally, the destruction
of primary and secondary mineral lattice releases heavy metal retained within
the crystal structure, e.g., due to isomorphous substitution (“residual” forms)
[2]. The nominal “forms” determined by operational fractionation can help
to estimate the amounts of total metals in different reservoirs which could be
mobilized under changes in the chemical properties of the soil [34]. Since the
1970s a considerable number of extraction procedures have been proposed for
determining the forms of heavy metal [2, 35-39]. Most of these procedures
are based on the scheme of Tessier et al. [2]. Although most of the extracting
reagents were originally used in the chemical analysis of soils, the procedures
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proposed have been tested on a wide variety of contaminated environmental
samples—sediments, road dust, sewage sludge, etc.

Sequential extraction can be useful to have an operational classification of
metals in different geochemical fractions [2] which is the most reliable criteria
to quantify the potential effect of soil/sediment contamination by heavy metals.
This can provide information about the identification of the main binding sites,
the strength of element binding to the particulates and the phase associations of
trace elements in soil/sediment. Following this basic scheme, some modified
procedures with different sequences of reagents or operational conditions
have been developed [40-43]. Considering the diversity of procedures and the
lack of uniformity in different protocols, a European Community Bureau of
Reference (BCR, now the European Community Standards Measurement and
Testing Program) method was proposed [6] and was applied by a large group
of researchers [31, 44-47]. In this study, we followed the sequential extraction
procedure proposed by the European Union’s Standards, Measurements and

Testing program [3].

MODIFIED BCR SEQUENTIAL EXTRACTION PROCESS

As discussed above it is evident that sequential extraction provides valuable
information regarding identification of main binding site, the strength of the
element binding to the particulates and the phase associations of heavy metals
in sediments. However, various complicated sequential extraction procedures
were experimented to provide more detailed information regarding different
metal phase associations [2, 48, 49]. A wide range of techniques is available
whereby various extraction reagents and experimental conditions are used.
These techniques involve a 5-step [2], 4-step (BCR, Bureau Commune de
Reference of the European Commission), 6-step [50] and 7-step [51, 52]
extraction, and are thus becoming popular methods to be used for sequential
extraction [53, 54]. Following this basic scheme, some modified procedures
with different sequences of reagents or operational conditions have been
developed [40-43].

Several sophisticated instruments have been used for the determination
of heavy metals contents in marine environments. These include; flame AAS
[55, 56], atomic fluorescence spectrometry [57], anodic stripping voltametry
[58, 59], ICP-AES [60] and ICP-MS [61, 62].

Heavy metal mobility and bioavailability depend strongly on their chemical
and mineralogical forms in which they occur [63]. Several speciation studies
have been conducted to determine study different forms of heavy metals rather
their total metal content. These studies reveal the level of bioavailability of
metals in harbour sediments and also confirm that sediments are indicators of



