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According to the EFIB (European Federation of S$oil Bioengineering) soil
bioengineering is a discipline that combines technology biology, and sociology making
use of plants and plant communities to help protect and develop land uses and
infrastructures, and contribute to landscape development, particular in the domain of

slope stability and erosion control.

The promotion and greater adoption of soil bioengineering in the Mediterranean
ecoregion is the main aim of the Erasmus + ECOMED project. This aim is being
achieved by generating sector-specific theoretical and practical materials and tools
essential for the specialization process and enhancement of this sector in the region of
interest which is at the core of the ECOMED project strategy and approach. The lack of
specialized training, a collection of analysed case studies and shortage of specialized
staff in soil bioengineering in most of the Mediterranean countries makes it a necessity
to develop training courses and a handbook on soil and fluvial soil bioengineering
implementation, along with hazard assessment methods and effective selection of soil

bioengineering methods specific to the Mediterranean environment.
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Soil and water bioengineering techniques rely on biological knowledge to build geotechnical and
hydraulic structures and to secure unstable slopes and banks. Whole plants or their parts are used as
construction materials to secure unstable sites, in combination with other (dead) construction material.
Thus, soil bioengineering does not replace traditional hydraulic or geotechnical engineering (e.g.
geotextiles, or concrete blocks), but complements and improves other technical engineering methods.
Unlike traditional engineering methods and approaches, soil and water bioengineering make allowance
for the environmental and ecological approach at the design and construction stages.

According to the EFIB (European Federation of Soil Bioengineering) soil bioengineering is a discipline
that combines technology biology, and sociology making use of plants and plant communities to help
protect and develop land uses and infrastructures, and contribute to landscape development, particular
in the domain of slope stability and erosion control.

The promotion and greater adoption of soil bioengineering in the Mediterranean ecoregion is the main
aim of the Erasmus + ECOMED project. This aim is being achieved by generating sector-specific
theoretical and practical materials and tools essential for the specialization process and enhancement
of this sector in the region of interest which is at the core of the ECOMED project strategy and
approach. The lack of specialized training, a collection of analysed case studies and shortage of
specialized staff in Mediterranean countries makes it a necessity to develop training courses and a
handbook on soil and bioengineering implementation, along with hazard assessment methods
and effective selection of methods specific to the Mediterranean environment.

The sector needs analyses made throughout the Ecomed project clearly showed the need for an
improved training offer as well as the need for case studies analyses and benchmark on examples.
This situation is well reflected within this handbook structure. Giving answer to the detected needs will
effectively support the specialization level of the bioengineering sector within the Mediterranean
ecoregion.

In soil and water bioengineering, the use of organic materials is preferred, because parallel to the
development of the vegetation and its increasing stabilisation ability, these materials will rot and be
reincorporated in the natural biogeochemical cycles. Also preferred are (autochthonous) and
site-specific plants, as they promote a biodiversity suited to the landscape. Until the plant communities
take over the stabilization role within the intervention area, the inert materials must provide the
necessary reinforcement. The stress transfer process between the inert and living material is eventually
achieved throughout the bioengineering work service life. In order to successfully attain the preceding
objective, the following analysis must be made:

Analysis of the intervention area from an engineering point of view. For this purpose, traditional

- Botanical analysis of the intervention area. Analysis of the autochthonous vegetation and the
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- Selection of an effective strategy and approach for stabilising and improving the intervention
area. At this stage, the selection of appropriate soil and water bioengineering techniques is included.
A suitable and justified localisation of the different techniques is also very important.

In order to support the before mentioned tasks, this handbook is structured in different sections. Each
one offers useful contents for supporting the project and work decision making process. Hence, the
general framework and the processes analysis is shown in the module 1 ’Introduction to soil and water
bioengineering’. In modules 2 and 3, the necessary training for analysing the study area from both
geotechnical and hydraulic points of view is given. In the subsequent modules other important tools
are also included such as GIS, technical drawing, environmental assessment and landscape
architecture.

The selection of the topics and the structure of this handbook reflect the disciplines necessary for
designing a successful soil and water bioengineering intervention.

Given the semi-empirical nature of soil bioengineering, the analysis of existing works and projects, the
know transfer and sharing the lessons learned are essential tools for improving the specialization level
of the project. This idea is also well represented within this handbook.

In general terms, this handbook could be seen as a good first step in the process of giving answer to
the Mediterranean bioengineering sector needs.
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1. MODULE DESCRIPTOR

Status: core
Credit Points (ECTS): 6
Pre-requisite knowledge: None

Module structure:

Activity Total Hours

Lectures 50

Tutorials 20

Seminars 20

Practical 28

Independent learning 30

Assessment 2

Total 150 hours (1ECTS=25 h)

Summary of module content:

This module will present the basic issues related to the instability of slopes and soil erosion.
The main models will be presented and applied both for structural stability (mass movement) as for soil
erosion.

The main Soil Bioengineering approaches to these problems will be presented and its efficiency
evaluated according to the existing models.

Learning outcomes:

On successful completion of this module students should be able to:

e |dentify the main instability processes occurring in slopes and relating them to the slope geology,
soil and drainage.

o Handle the main models characterizing both erosion and mass movement processes

e |dentifying the critical issues to be controlled and the necessary technical approaches

e |dentify the viability of soil bioengineering interventions and assess their typology and limits of
applicability

e Identify and conceive the adequate soil bioengineering techniques for each situation

e Evaluate their efficiency using the existing models

Teaching/Learning strategy:

Teaching will follow novel methods derived through the ECOMED project: lectures for imparting
fundamentals of module and tutorials and practicals for application of the fundamentals. These will be
supplemented with virtual learning content, case study analysis, site visits and work placements.

Other learning and teaching strategies will be developed and implemented, appropriate to student
needs, to enable all students to participate fully in the module.
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Indicative reading:

Bloemer, S. et al 2015. European Guidelines for Soil and Water bioengineering. EFIB

Bromhead, E. N. (1992) — The Stability of Slopes. 2nd. Ed. Blackie Academic & Professional. Chapman &
Hall.

Ortigao, J.A.R. & Sayao, A.S.F.J. (Ed.)(2004) — Handbook of slope Stabilization. Springer. Heidelberg.

Coppin, N.J. y I.G. Richards (Eds.) 1990. Use of Vegetation in Civil Engineering. Construction Industry
Research and Information Association (CIRIA). Butterworths, London

Cornelini, P., y G. Sauli. 2005. Manuale di Indririzzo delle scelte progettuali per interventi di Ingegnieria
Naturalistica. Ministero dell’Ambiente y della Tutela del Territorio, Roma

EFIB. European Guidelines for Soil and Water bioengineering. 2015. Edited by the European Federation
for Soil and Water bioengineering (EFIB).

Fernandes, J.P. e A. Freitas, 2011 - Introdu¢do d Engenharia Natural - Colecgdo Nascentes para a Vida,
EPAL, Lisboa

GRAY, D.H.; Leiser, A.T. (1982) Biotechnical Slope Protection and Erosion Control. Van Nostrand Reinhold
Company, New York

Gray, D. H., Sotir, Robbin B. 1996. Biotechnical and Soil Bioengineering Slope Stabilization: A Practical
Guide for Erosion Control. Wiley-Interscience, ISBN 10: 0471049786 ISBN 13: 9780471049784.

Menegazzi, G., & Palmeri, F. (2013). Il dimensionamento delle opere di Ingegneria
Naturalistica. Direzione Infrastrutture, Ambiente e Politiche Abitative. Regione Lazio.

Norris, J.E.; Stokes, A.; Mickovski, S.B.; Cammeraat, E.; van Beek, R.; Nicoll, B.C.; Achim, A. (Eds.) Slope
Stability and Erosion Control: Ecotechnological Solutions. 2008, VI, 290 p., Hardcover. Springer.

Peklo, Klaus Dipl.-Ing., 2013 «Planung einer ingenieurbiologischen Ufersicherung mit Unterstitzung durch
2D Hochwassersimulation». Mitteilungen der Gesellschaft fiir Ingenieurbiologie e.V. n°40 Festschrift Pflug,
Aachen Germany, en allemand.

Peklo, Klaus Dipl.-Ing., 2015 «L'apport d'un programme de modélisation hydrodynamique
bidimensionnelle au travail de I'ingénieur spécialisé dans les techniques de l'ingénierie végétale pour le
contrdle de I'érosion fluviale ». Ingenieurbiologie /Génie Biologique n°3/2015, ILF-Institut fir Landschaft
und Freiraum, Rapperswil Switzerland, en francais.

Peklo, Klaus Dipl.-Ing. avec Rey F. et all. 2015« Génie végétal et ingénierie végétale: des compétences
et une réglementation aux bénéfices de la nature et de I'hnomme » Ingenieurbiologie /Génie Biologique
n°3/2015, ILF-Institut fir Landschaft und Freiraum, Rapperswil Switzerland, en frangais.

Peklo, Klaus Dipl.-Ing. 2017 «Travaux fluviaux - Etudes de cas des constructions en techniques de
I'ingénierie végétale et mixte de 1993 & 2016 en France ». Compte d’auteur, Parisot France (PPT en
francais).

Peklo, Klaus Dipl.-Ing. et Fernandes, J.P. Universidade de Evora 2018 «Fachgutachten zum Erdrutsch nach
dem Waldbrand 2017 im Mata da Margaraga Naturpark, Arganil Mittelportugal — Standortgutachten
zum Konzept einer Naturwaldrehabilitation...” .RELATORIO PERICIAL SOBRE OS ALUIMENTOS
POSTERIORES AO INCENDIO DE 2017 NA MATA DA MARGARACA (AREA DE PAISAGEM PROTEGIDA

DA SERRA DO ACOR)”. Parisot France et Universiade de Evora, Portugal,in german and portuguese.
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Sauli, G.; Cornelini, R.; Preti, F., (2006) Manuale di Ingegnieria Naturalistica, Sistemazione dei versanti.
Regione Lazio, Roma

Schiechtl, H.M. 1980. Bioengineering for land reclamation and conservation. Univ. of Alberta Press.
Edmonton/Alberta

Schiechtl, H. M., Stern, R. 1996. Ground Bioengineering Techniques: For Slope Protection and Erosion
Control. Wiley-Blackwell, ISBN 10: 0632040610, ISBN 13: 978063204061 2.

Studer, R, Zeh, H., De Cesare, G. 2014. Soil bioengineering — construction type manual. vdf
Hochschulverlag AG der ETH Zirich, ISBN: 978-3-7281-3642-8

Transferable skills development:
Setting personal targets and time management.

Learning skills will be enhanced by use of open-source information and IT skills to research and collate
information for case studies.

Communication skills will be enhanced by requiring the use of appropriate language when writing and
speaking to fulfil assignments and when making presentations in seminars.

Group-work skills will be developed to address case study problems including the taking of initiative and
assuming responsiblity in carrying out agreed tasks.

Assessment methods

Component Duration (hrs) | Weighing in total | Threshold Description
module mark (%) | (min pass
mark, %)
Class test 10 20 50 Project elaboration
Practical 18 40 50 Field characterization and
construction practice
Exam 2 40 50 Unseen exam
Total | 30

Table 1 Assessment methods

Module contacts:

Module leaders: Mr Klaus Peklo, Mrs Paola Sangalli

Module tutor (academic): Dr Alexia Stokes, Dr Joao Paulo Fernandes

Module tutor (industry): Mr. Klaus Peklo, Dr Guillermo Tardio
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2. INTRODUCTION TO SOIL AND WATER BIOENGINEERING

2.1 Basic principles of soil and water bioengineering natural based solutions (adapted
from the EFIB European Guidelines for Soil and Water Bioengineering)

Soil bioengineering is a discipline that combines technology biology, and sociology making use of plants
and plant communities to help protect and develop land uses and infrastructures, and contribute to
landscape development, particular in the domain of slope stability and erosion control.

Typically, plants and parts of plants are used as living building materials, in such a way that, through
their development in combination with soil and rock, they ensure a significant contribution to the long-
term protection against all forms of erosion. In the initial phase, they often have to be combined with
non-living building materials (also called ‘grey material’), which may, in some cases, ensure more or less
temporarily, most of the supporting functions by increasing immediately the necessary soil stability.

The use of organic materials is preferred, because parallel to the development of the vegetation and
its increasing stabilisation ability, these materials will rot and be reincorporated in the natural
biogeochemical cycles. Also preferred are indigenous (autochthonous) and site-specific plants, as they
promote a biodiversity suited to the landscape. The planning and construction objectives are the
protection and stabilisation of land uses and infrastructures as well as the development of landscape
elements.

2.1.1 Soil and water bioengineering history

..."The roots of the willows do not allow the escarpments to break and the branches of the willows along
the slopes are pruned so that they become more robust every year. And so it becomes a compact living
sideboard”... These simple and effective words that are not of a contemporary scholar, but have more
than five centuries, having been written by Leonardo da Vinci (1452-1519), show how the basic
concepts of naturalistic engineering are far from being recent, but rooted in historical experience of the
agricultural and forestry world, up to the time of the ancient Romans and Celtic communities.

The ancient Romans, pragmatic and with eminently applicative purposes, possessed profound
knowledge in the agronomic sector, as evidenced by various works by Cato , Virgilio and Columellq, in
whose treatises the vast problems of the exploitation of land for agricultural purposes are dealt with in
a scientific way. Compared to the foundations of naturalistic engineering, in classical literature,
particularly in Columella, Cesare and Cato, there are numerous references both to the living part and
to the structural part of the works, which show how the basic principles for the realization of such
interventions were known in the Latin World.

In particular, the Romans knew well the reproductive capacities of the willow cuttings (from which they
derived the bonds for the cultivation of the vineyard) and in the text of Columella the dimensions of the
length for the insertion into the ground are provided. According to that author, the buried part of the
cutting should be equal to one and a half feet (about 45 cm): ...“Taleae sesquipedales terrain inmersae
paulum obruuntur”... (the cuttings of a foot and a half in length, are planted in the ground covering
them a little; Columella: De Re Rustica fourth book, 30.1-5). In more recent times the army engineers
have had the need to use in the works on the battlefield the materials found on site for the construction
of trenches, shelters, posts, etc. with use, in addition to dead materials (wood, stone, earth, etc.), also of
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living plants (shrubs, turf, etc.) for the stabilization of slopes and for the camouflage of works, with

functions similar to those of Bioengineering for the landscape insertion of the infrastructures.

It is therefore possible to affirm that soil and water bioengineering techniques, as understood today,
come from far away and, in particular, for interventions in watersheds, they find their historical roots as
a discipline in the forest plumbing arrangements, with the contribution of plant ecology for the selection
of live plants to be included in the works.

2.1.2 Possibilities and limits

The areas of application of soil bioengineering in the context of these proposals are the stabilisation
of slopes, forelands, dykes, dams, as well as areas surrounding infrastructures like roads, bridges and
facilities.

® In slopes and embankments soil bioengineering techniques contributes to the prevention of the
different types of erosion, the revegetation and stabilisation of areas affected by landslides as
well as to the immediate and long-term protection of slopes against slope failures and landslides
trough the anchoring and buttressing effects of plant roots as well as the contribution of plant
transpiration to the soil drainage of soil and consequent increase of particle cohesion.

e In the improvement of the local and regional water regime through suitable soil and water
bioengineering measures, forestation and restoration of the vegetation cover on slopes
inclusively above the timberline.

The use of plants is possible wherever there is a potential habitat for vegetation. A protective and
stabilising vegetation cover to prevent erosion can be used as an alternative or useful addition to
conventional engineering methods as long as the plants ensure adequate biotechnical properties.

Long-term experience in riparian restoration works proves evidence that these properties are well
existing up to 15 years after achievement date by low maintenance activities. Thereafter, if there is
no maintenance by rejuvenation, these properties are very quickly lost forever.

The development of bioengineering solution involves the combination of the technical expertise of the
engineering disciplines, combined with knowledge from the fields of biology and landscape ecology in
order to develop a sustainable vegetation cover using site-specific plants able to perform the necessary
technical and structural functions. Along with their ability to prevent erosion and contribute to the
regulation of the water regime, soil and water bioengineering measures also have a positive effect on
microclimate, biotope structure and landscape.

Advantages of soil bioengineering measures compared to conventional engineering methods
include:

e longer and sustained functional development due to the development and regeneration ability
of plants and plant communities

e Establishment of an more developed plant community in the frame of the natural vegetation

succession

® |Increase in stability as the plants develop
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e Favourable response to disturbance through the natural ability of plants to adapt

e Adaptation of plants to the forces to which they are subjected through their elasticity, resistance
to pull-out and new succession lines

e  Structuring function of plants

® Increase in biodiversity and habitat functionality (ecology)
e Enhancement of landscape (landscape aesthetics)

e Support of socio-economic factors (tourism, local recreation)

®  Measures that are low-impact, use little energy and promote the self-development of nature (no
regret measures)

o Colours and shapes of wooden layers affecting in a positive way the wellbeing of human
activities.

The preferential use of indigenous plant material preferably from natural origins instead of
cultivated and not site-specific plant species has a number of additional positive effects:

o successful and long-term stabilisation due to optimum integration in the local ecosystem, better
adaptation to extreme local conditions and local and regional climate and geology,

e greater potential for the development of site-specific plant communities ,
e better and more sustainable integration into the ecosystem and landscape processes,

e better cost-benefit ratio and greater cost-efficiency.

In urban areas with particular demands on safety and in the frame of the landscaping and the design
of green areas it is also possible to use non-native species as long as they are suited to local conditions
and have the necessary biotechnical properties.

The limits of soil bioengineering are the limits of the abilities of plants and plant communities to
fulfil the technical objectives of the intervention in domains such as when:

® mechanical forces exceed the resistance of plants and plant communities,
e plant roots are not deep and strong enough to prevent slope failures,

e environmental conditions for plant germination and development are too poor or extreme to
enable adequate growth even with the aid of growth-promoting substances (bad lands),

® maintenance inappropriate to the particular local conditions, leads to an inadequate
development of the vegetation and adverse effects on stabilisation and drainage.
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When deciding in favour of soil bioengineering solutions, it is necessary to be aware of the
disadvantages of soil and water bioengineering solutions in comparison to conventional

engineering methods:

e The timing of soil bioengineering works is constrained by the rhythm of plant establishment and
development as well as disturbance factors affecting the vegetation.

e In many cases, more space and more soil volume is required to allow the adequate development
of the vegetation.

® Root and stem development, can affect the integrity of conventional light mass engineering
structures when growing in cracks or fissures but not so when heavy mass structures in close
proximity.

e Because of their increasing thickness, roots can lead to the deformation of structures.

e Large woody plants when subject to external forces transmit those forces through the root system
to the soil reducing its stability and increasing for example the risk of slope failure.

e The development of roots can cause changes in the soil structure affecting its stability and the
stability of existing structures. Geotechnical limits may be reached (e.g. effective rooting depth).

e The limited calculation possibilities of bioengineering interventions cause considerable degrees of
uncertainty.

These ‘apparent’ disadvantages can often be compensated by systematic management along space and
time. In many cases, it is possible to identify more advanced bioengineering solutions better adapted to
the particular local conditions and stress factors.

2.1.3 The functions of plants and plant communities in soil bioengineering

The use of plants in structural and civil engineering is based on knowledge and observations of their
properties, which often date back centuries.

Thanks to their different properties, plants can respond flexibly to their environment and are therefore
employed to perform engineering functions. They can:

e Reproduce and develop in different ways — trough seeds and/or trough vegetative forms,
e regenerate following damage and adverse environmental changes,

e extract water from the soil and release it to the atmosphere (evapotranspiration),

e connect and interlink different materials and structures,

e cover surfaces,

e intercept /retain / moving solid materials, dissolved substances and water,

e folerate burying or submersion by developing sprouting roots,

e ability to adapt to changes in local conditions like the variation on the speed of the water flow in
a natural river bed or a channel.

These properties enable plants to perform complex functions, which can be roughly divided into four
categories: technical (1), ecological (2), aesthetic (3) and economic (4).
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The result of soil bioengineering interventions are living systems, which develop and maintain their

balance by means of natural succession, i.e. by undergoing a process of dynamic self-regulation without
artificial energy input. The correct choice of living as well as non-living building materials and types of
construction ensures an exceptionally high level of sustainability whilst requiring minimum maintenance. It
is important to note, however, that in urban spaces such as towns or cities, which have been subject to
major changes, these goals require specialised maintenance.

2.1.3.1  Technical functions
Technical functions of primary importance in terms of the stabilisation properties of plants in the frame of

soil bioengineering interventions are:

e Covering of the ground using plant communities as protection against heavy precipitation, soil
erosion by water and wind, snow abrasion and rock fall.
®  Mechanical anchoring and buttressing of the soil by the roofs.

e Cohesion and stabilisation of the soil trough the aggregation of soil particles by plant roots,
humus, mycorrhizae and microfauna as well as interlocking or anchoring of topsoil and subsoil
and prevention of the washout of fine material through their retention and filtering bi the
network of fine roofs.

e Roughening of the ground by shoots, twigs and leaves promoting the interception and retention
of debris, boulders and snow.

e Slowing down and diverting air and water flow.

e Effects in the area of the root, in particular compression through the increase in root thickness, soil
loosening due to movement of the root system induced by the movement of the stem and
branches and soil compaction due to the weight of the vegetation.

e Increase in overall soil cohesion through the extraction of water by evapotranspiration

e Positive management of the local and regional water balance trough the retention of
precipitation water, retention of soil water and balanced water infiltration.

2.1.3.2 Ecological functions
Soil bioengineering measures can lead to the following improvements in environmental quality:

e Positive effects on soil properties such as increase in pore volume as well as improvement of
living conditions for microorganisms and formation of humus and plant nutrients.

e Development of plant communities (succession) and improvement of biotope structures.
e Habitat for fauna.

e Absorption and retention of eventually toxic or eutrophication inducing substances.

e Beneficial change of microclimate.

e Absorption of noise to a low extent.

e Filtering of dust or exhaust gas from the air, and their deposition on parts of plants.
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2.1.3.3 Aesthetic and wellbeing functions
Damaged landscapes can be recovered and aesthetically rehabilitated in a natural way using soil and

water bioengineering methods.
e Plants and groups of plants diversify the landscape perspectives.

e Replacement of conventional engineering structures with vegetation ones provide that they are
able to ensure similar stability and safety levels.

e Fast integration of earth structures into the surrounding vegetation and therefore into the
landscape.

e Visual integration of engineering structures through the use of vegetation formations adapted to
the landscape nature and structure increasing the quality of our living/human environment.

e Integration and emphasising of constructed structures.

e Screening of conventional engineering structures which would otherwise seem massive.

The application of soil bioengineering therefore helps to reduce any visual disturbance of the landscape,
whilst allowing engineering structures to naturally blend into the environment.

2.1.3.4 Economic functions
Based on its knowledge and use of natural elements and processes, soil bioengineering helps to recover

disturbed areas with a reduced use of materials and energy.

Soil bioengineering ensures, therefore, a significant contribution to the sustainability of structural and civil
engineering interventions:

e By using proven living construction methods based on the ability of plants to install, reproduce
and develop vegetatively more cost-efficient solutions than traditional civil engineering ones can
be implemented, Additionally the fact that nowadays bioengineering works can largely by
performed by machines increase its comparative cost efficiency.

e Through the use of building materials able to regenerate, thereby reducing the amount of
material required, even if this results in higher wage costs.

e Through sensible reutilisation of site-specific and site obtained plant material, soil and stones
transportation costs and construction material costs can be strongly reduced in may cases.

e Thanks to the special properties of living plants, it is also possible to keep the maintenance costs
of bioengineering structures to a minimum.

e In the event of damage of bioengineering structures, renovation costs are often lower due to the
ability of the vegetation to self-regenerate.

e  Socio-economic factors (e.g. tourism in high mountain regions, local recreation)
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2.1.4 Requirements for successful soil and water bioengineering work

Successful soil and water bioengineering work has always relied on the involvement of other disciplines
necessary for the achievement of a project and their close interdisciplinary cooperation. Therefore, and
this is a mandatory field, the following points must be taken into account during the preliminary studies
stage:

e Assessment of required stabilisation work: is it technically feasible to use soil and water
bioengineering methods?

e Careful examination of the conditions of the site and natural landscape such as the microclimate
of the working area, analysis of the soil conditions taking into account its chemical, physical and
hydrological properties,

e Assessment of light and shadow conditions,

e Application of basic knowledge on flora and phytosociology,

e Presentation of the basis for evaluation and review of the hydrological, hydraulic,
geomechanical and geotechnical data in view of the project target,

e Evaluation of potential interaction with existing infrastructures,

e Consideration of possibilities for site improvement,

e Determination of target vegetation as well as pioneer plants, further succession phases and
maintenance measures with which this can be achieved,

e Consideration of similar reference lines in comparable natural environments,

e Compliance with codes of practice (standards, guidelines, manuals of the relevant disciplines),

e Determination of the conditions of professional maintenance at regular intervals (lifetime
maintenance),

e Determination of maintenance and efficiency review.

When performing soil bioengineering work the legal requirements and codes of practice of the
respective country must be complied with (e.g. accident prevention regulations). In addition, the
respective project promoter requires compliance with its specific regulations. This may lead to different
solutions in different countries even if the issues and site conditions are the same.

2.1.5 Basic considerations on the use of site-specific plants and the evaluation of site-specific
factors

Sites which need bioengineering soil protection are very often very difficult sites namely because of the
difficulties to the establishment of vegetation. The successful design and construction of stabilising
measure implies a careful characterisation of the construction site and adjacent region in order to
accurately assess its conditions for the establishment of a successful plant community. Following aspects
must be taken into consideration during the site assessment process:

e Natural landscape unit
e Location, height above sea level

® Morphology, slope length and angle, slope height , exposition, form of the bank and the water
body

e Geology, soil, substrate, soil horizon sequence

®  Macro- and microclimate, temperature, precipitation, heavy rainfall events, snow
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e Natural flora of the areaq, potential natural vegetation (PNV), corresponding pioneer vegetation

and early phase of succession, neighbouring vegetation of the construction field, competition and
support (effect of synergy)

e Information about the fauna relevant for the design
e Land use and its requirements

e Nature and environmental protection conditions

Only on the basis of a sufficiently analysed location is a judgement possible, whether a soil and water
bioengineering stabilising measure can be successful, which plants, which methods and which auxiliary
material for plantation or stabilisations can be used.
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3. INTEGRATION OF SOIL BIOENGINEERING CALCULATIONS INTO THE PLANNING AND
DESIGN PROCESSES

The whole process of planning, conducting and development of a bioengineering measure is organised in
the following way:

e Definition and characterisation of the causes of the problems

e Preliminary assessment stage with the aim of setting spatial, ecological, social and economic
limits to the following design, construction, maintenance stages

e Preliminary design stage

e Design according to existing regulations and conditions of construction permit

e Detailed design and preparation of documents for contracting and call for bids.

e  Construction stage and site supervision

e Maintenance stage (regular service life fime maintenance works)

e Control of growth- and development during the maintenance period

e Development maintenance up to the intended vegetation

®  Maintenance and care of the intended vegetation

3.1 Characterization of the problem and preliminary design

The designer should look into the problem in such a way, that no solution is excluded or pre-defined. He
has to find the best suitable solution for the client under the local conditions and other constraints.

This means in case of problems with erosion protection, that a wide range of possibilities should be
considered and discussed at the stage of preliminary design. The following example concerns the
problem of bank stabilisation:

1. Natural development should be allowed and incompatible land uses close to the bank should be
excluded.

2. Steel, masonry or concrete walls, as an adequate solution in technical solution able to preserve
existing land uses without further disruption.

3. Woater bioengineering stabilising measures like planted river bank slopes and exclusion of some
land uses or used areas in the direct vicinity of the watercourse.

If the preliminary design suggests bioengineering stabilising measures, it has to be checked whether it is
viable in that concrete location. The intended target vegetation has to have sufficient resistance against
foreseeable acting forces.

Design according to existing regulations and conditions of construction permit the project design, able to
be submitted to obtain the necessary licensing includes the types of vegetation and biotope to be
installed as well as the identification of the main species to be used. The necessary maintenance will also
be described and characterised.

The steps necessary to initiate the development of target vegetation community in the frame of the
selected bioengineering building technique must be described together with the complementary growth-
and development maintenance activities. The resistance of the target vegetation and eventual
complementary structures to the foreseeable acting forces must be evaluated and proven suited. The
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entire soil and water bioengineering technique solution has to ensure the security demands including in

the more exposed situation (e.g. during the construction).

In the case of intervention on watercourses, the influence of the vegetation on the hydraulic conditions
must be evaluated and characterised along the entire development process. . Damage that might occur
from higher water levels or flooding must be assessed and preventive measures taken.

In the frame of the processes of licensing and administrative approval all environmental regulations as
well as nature conservation demands must be taken into account with particular attention to the selection
of plant species (preferably if not exclusively site specific) as well as the other construction materials. The
project must ensure that the final system integrates in the natural environment and natural processes help
the development of the water body and improves the recreation value of the landscape.

The design, suitable for approval takes into consideration the available areas and expresses adequately
the selected solution.

3.2 Detailed design and preparation for contracting

In this project phase detailed designs, quantity determinations and table of quantities are developed.
Cooperation with the different stakeholders is necessary. The detailed design must include technical
preparation concerning all details of the bioengineering building method and stabilising measures as
well as the planting procedures with particular attention to the areas more susceptible to any type of risk
or disturbance. This design phase must include the detailed evaluation of all relevant soil and other site
factors.

Quantities and quality of the living building material such as seeds, seedlings and plants have to be
precisely defined as well as type, quality and dimension of the other building material such as mats,
fascines, pickets and stones. The focus of this project phase must be set on the development of clear
reproducible scopes of work. The design have to match accident prevention regulation, regulations by the
client and generally accepted codes of practice in order to clear the liability a case of damage,
accident of design failure.

3.3 Construction and site supervision

Normally the construction is performed by qualified enterprises selected according to open competition
and well defined selection criteria.

The site supervision is performed by qualified consulting engineers. They supervise the construction work
in terms of its accordance with the plans as well as generally accepted codes of practise and acts on the
behalf of the client. The consulting engineers assist the client in finding solutions for unexpected situation
or natural disasters occurred during the construction stage.

3.4 Control of growth- and development

The project must include and clearly describe a period of maintenance which lasts a given number of
years according to the specificity of each problem site and technical solution, in which growth- and
development maintenance has to be performed. It is commonly done by the construction company.
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3.5 Development, preservation and long term maintenance

When the arranged maintenance stage is finished, the whole work will be verified and accepted
formally by the bioengineer and by client. The care is now up to the client or he transfers the task to
another company. Tree and brush formations have to be maintained for a long time period (several
years) up until the target vegetation is perfectly installed. The maintenance work must be performed by
a competent professional in order to ensure the success of bioengineering intervention.

3.6 Management of the process of design, construction and maintenance of
bioengineering interventions

The process planning and construction of bioengineering interventions must be throughout conducted as an
integrated single process and supervised bya single entity. Otherwise it is possible that important
information is lost when changing from one phase to another. It is often necessary to clarify at each state
of detailed design which aspects of environment and nature protection have to be looked at closely. The
focus has to be set on the target vegetation. It must not be subordinated by other aspects such as species
conservation, aesthetic aspects or economy of maintenance.
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4. RECOMMENDATIONS FOR COMMON AREAS OF APPLICATIONS

The following recommendations are taken from the EFIB (European Federation of Soil Bioengineering)
European Guidelines for Soil and Water Bioengineering (EFIB, 2015).

4.1 Erosion of earth slopes

Problem

Erosion on unprotected, free of vegetation slopes can lead to significant damage on new built earth
works in the field of road transport infrastructure, hydraulic construction, mining and disposal site
construction. Secondary damage can occur at the road transport infrastructure itself or at its drainage
structure.

Action

The most common impact on earth slopes is originated by rainstorm, hailstorm, local surface run off, snow,
strong wind as well as the impacts of humans and animals.

Resistance

The impact of humans and animals can be reduced by safety measures and use restrictions. Grass and
herbs with a high cover ratio have been proven adequate in case of rainstorm and local surface run off.
The overall coverage includes buds and other above ground vegetative organs, leaves, dead leaves —
as long as they are still attached to the plant, superficial and sub superficial root systems as well as
erosion resistant substrates like stones, rock and wood. Bushes and tree formation with a sufficient density
complemented by adequate herb vegetation provides good protection against snow and wind action.

Limiting factors

Extreme site conditions are limiting factors: slope gradient, light exposure (solarisation), local climate,
type of soil, type of compaction, lack of nutrients and presence of toxic elements or compounds.

Directions for dimensioning and design

The target vegetation is defined according to the evaluation of the location and the existing natural
vegetation. The method of erosion control and planting is chosen according to experience gathered in
similar situations.

It is recommended to run a comprehensible risk and cost assessment as stated in DIN 18918. A more
effective risks assessment must be performed in situations where extreme events such as heavy rain,
heavy wind, depth of snow occur (1/ n years). The liability in the case of events with a frequency under
the defined value lies with the constructing company and, in case of rare events with the client.

4.2 Shallow landslides at slopes

Problem

Vegetation and soil bioengineering stabilisation measures only have an impact on shallow landslides
which are parallel to the slope as well as small slopes of non-cohesive soil with a high gradient. High and
heavy trees act disadvantageously on steep slopes, especially on cohesive soil. The problem of sliding is
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handled by soil bioengineering in the same way as is the field of soil mechanics, with the model of solid

state bodies. Loads and resistance act on the solid state body.

Action

A slope failure is originated by factors such as the weight of the moist soil (including loads such as
vegetation, snow), hydrostatic pressure, groundwater flow and ascending force.

4.2.1 Resistance given by vegetation

A shear stress Tt (kN/m2) exists between the sliding layer of soil and the underground. The shear stress
can be estimated from data referred to similar soil layers. It is the combination of parameters like friction
and cohesion, both known from soil mechanics as well as from biological influences from rootfs,
mycorrhiza, and natural alginates and other gluing gels. These influences are often described as
biological cohesion. The biological shear parameters vary strongly with the depth, compaction and soil
moisture, which makes it hard to predict.

Limiting factors

Following factors limit or eliminate the impact of roots in case of slope stabilization measure:
- Highly compacted silt or clay and rock
- Influence of groundwater or water layers at root depth
- Toxic substrates and

- Wide number of other site factors, which prevent vital growth of plants

4.2.2 Advises for dimensioning and design of a non-slipping base layer of vegetation on earth
slopes

Conditions to build a stable non slipping vegetated layer on earth slopes are:
e The underground is stable.
e The underground is more permeable for water than the top soil.

e There is no hydrostatic pressure on the top soil due to ground- or seepage water.

e rooting is possible in the underground in terms of factors like void volume, soil substances, pH,
etc.

e The top soil (vegetated layer ) is either thin or poor, so the plants will develop roots in the under
layers in a foreseeable future.

These are conditions under which the evaluation of slope failure can be performed trough analysis at a
reference site or compared with a block model. The action of the vegetation can be determined as
corresponding to the shear resistance necessary to stabilise both layers as provided by the specific area
of root crossing the discontinuity between the layers.
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4.2.3 Very steep slopes of non-cohesive soil

Several experiments showed that it is possible to consolidate slopes of low or medium high with angles
just underneath the angle of inner friction of the soil by using deep rooted plants combined, during the
plant development period with complementary bioengineering stabilisation methods such as bush layers..

Lower slopes can be stabilised to a maximum angle of 45° if they are secured by deep rooting
vegetation systems and the surface is covered completely with grass and herb vegetation.
Complementary stabilising structures made of wood are used during growth- and development period
like, for example, a log cribwall which can also resist small active earth pressures. The dimensioning of
such a cribwall is similar to those of a gravity wall, it is also partly based on the method reinforced earth.

4.3 Gully erosion at slopes and hillsides

Problem

As a result of the concentration of runoff on long and steep slopes along prevalent lines, the creation of
erosion gullies can occur. Further sources of gully erosion are: sealed ground, forest clearance in the
catchment area and a higher concentration of runoff because of road building and other morphological
interventions.

The process of erosion works his way up against the direction of the flow. Mudslides, resulting from slope
failures have an unpredictable increasing effect.

Action

Design drainage and rainfall-discharge systems for a peak flow Q (m3/s) defined accordingly to an
adequate and predefined frequency of repetition (1/n years) and the calculation must include the

definition of average flow velocity v (m/s) and shear stress of the river bed o (N/m2).
Resistance

Low and dense formations of bush, herbaceous or grass vegetation should be planted in the gully slopes
and flow bed. The vegetation must be able to resist overflow, erosion and silting. The critical shear

resistance Tcit determining thebeginning of the erosion process has already been mentioned before.
Limits of application

High flow velocity and shear stress together with the load of carried sediments limit the applicability of
bioengineering methods. Furthermore the exposure to light and the usual site factors as well as damages
caused by livestock and game are also limiting factors.

Directions for dimensioning and design

The impact of sealed grounds within the catchment should be compensated by rainwater retention
measures. Head waters of neighboring creeks can be analyzed as objects of reference. Results from
reference sites should be compared with results from hydro technical, theoretical design parameters. In
this way a sounder characterization can be achieved.

Structures whose conception took into consideration comparable near to natural reference watercourses
and its corresponding vegetation as well as natural stone and wood are well integrated in the
surrounding environment.. Weirs and steps of weirs do not exist in nature. They disturb the natural
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landscape, constrain and interrupt biotopes and are incompatible with the aims of the European Water

Framework Directive. Therefore, near to natural stabilization measures should be applied whenever
possible. Nevertheless in some regions weirs are the only way to restore gully erosion and wild creeks,
e.g. in densely populated high mountains.

4.4 Riverbanks and adjacent areas

Problem

Woash-outs, potholes and other forms of erosion occur due to the natural dynamic of the on riverbanks
and adjacent areas including floodplains. These processes are welcomed on one hand, because they
lead to a natural structure and dynamical of the water body. However when infrastructures, other
constructions or sensitive land uses are located near the water course it is necessary to ensure their safety
and protection against damages. In both cases in more or less intensively used landscapes, and
particularly in the vicinity or within human settlements the discharge capacity as well as maximal water
level by flood and average water flow must be controlled in order to ensure the safety of buildings,
infrastructures and other land uses.

Action

Flow forces, quantified as flow velocity v (m/s) and shear stress T (N/m2) as well as impelling forces from
drift wood and drift ice must be taken into consideration in bioengineering stream bank stabilization
measures.

Additional impacts from human and animals are also possible and must be controlled by special
measures or constructive interventions. In the aftermath of a flood event when the water levels decrease
rapidly the difference between the ground water level and a river water level determine hydrostatic
pressure on the river banks that determine additional risks of slope failure.

Resistance

The different vegetation structures offer different resistances to the flow of water. Low grass provides a
very effective protection against erosion and creates little resistance to water flow. Reeds have a similar
effect because they bend over in case of over flow. Wood structures (bushes or trees) decelerate the
average water flow as well as the flow near the river bed and margins.

According to their hydraulic effective density, most willow species build a dense root system that protects
the surface of the soil of the riverbanks. Therefore riverbanks and floodplains can be protected against
erosion within the limits of the critical flow velocity vcrit and shear stress critical values.

Limits of application

Along with the natural site limitations and the highest acceptable flow velocity and shear stress other
limiting factors must be taken into consideration Every plant species as a given limit of application
according to their capacity of resistance to overflow, flow velocity, flooding, shear strength in terms of
intensity duration and frequency of occurrence. Other factors set also limits such as the ones associated
with ice drift or nature of carried materials. It is recommended to investigate the limits of appliance in
comparable reference sites.
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The overall stability of a bank slope has to be determined for the extreme situation of a high

groundwater level and a low water level determining a maximum of the hydrostatic pressure acting on
the bank. Due to their influence on the reduction of the flow velocity and consequently of the flow volume,
wooden formation must be used with the utmost care in urban areas in order to avoid problems in narrow
channels.

Directions for dimensioning and design

Design and construction of near to natural stabilization measures have to be done according to the
European Water Framework Directive. This includes: no degradation of the present situation and a
development towards good ecological balance. Bioengineering presents a particular positive contribution
in this domain because its interventions favor the natural structure and processes of the water body, the
use of natural building material from the area and site-specific plant species in suvitable variations
according to the nature of the problems and the intervention goals. Information about vegetation
structures and limits of appliance can be taken from reference sites. When intervening in watercourses
one has always to consider the hypothesis of restoring the natural structure and dynamics of the water
body and the entire river structure, by removing the disturbing or conflicting land uses. Such an
alternative will lead to a near to natural development of the water body.

Stabilization measures on the base of the river bank as well as on very steep banks must be
complemented with natural rocks, wood structures or trunks and branches obtained on location. In this
way, a diverse structure will be created along the river, the cross section and the longitudinal profile. It
should be paid particular attention to connectivity and complementarity between biotopes and to avoid
monotone cross sections.

Near to natural stabilization measures and the restoration of a sustainable functional riparian vegetation
determines normally a reduction of the hydraulic efficiency of the watercourse. Therefore, an extensive
hydraulic analysis must be performed in all hydraulic engineering projects in order to determine the way
in which the water levels, flow velocity and other dynamic processes associated with the watercourse will
affect the surrounding land uses and existing infrastructures. The stability of the bank slope in all
hydrodynamic and hydrostatic conditions must also be taken in consideration and evaluated in all detail.

This process of planning and design of water courses involve important and complex processes of
coordination between technical authorities, residents, politicians and environment protection groups. All
involved parties must cooperate in order to develop a concept and a project that fulfill every condition
for approval and respond to the needs of the different stakeholders.

4.5 Banks at standing waters

Problem

Along the banks of standing waters occur different types of erosion similar to the ones originating cliffs
on the seashore. These natural phenomena can be increase due to the action of land uses.

Action

Natural waves and waves originated by ships, together with driftwood, drift waste and drift ice are the
main problems faced by bioengineering interventions on standing waters. Appealing shores and banks
are often damaged by trespassing, boats and other recreation activities. Animals can also have a
negative impact on shore stability.

25-31



I_ C (@) N I_ D SPECIALISATION PROCESS FOR THE ECOENGINEERING

SECTOR IN THE MEDITERRANEAN ENVIRONMENT

Resistance

The soil can be protected by a dense grass cover. Wide zones of reeds reduce the effect of waves and
protect the soil through rooting. Flood tolerating bush and tree formations with well developed stems and
branches have also a similar effect.

Limits of application

Along with the general site constraints there are, for each plant species a given limit of application. It is
determined by height, frequency and duration of flooding. The frequency of wave impact is also of
importance determining that regular waves originated by ship traffic can destroy a reed formation that
otherwise would resist similar waves originated during a storm event.

Directions for dimensioning and design

Agricultural, touristic and landscape planning work must be taken into particular consideration in the
process of design bioengineering stabilisation measures for banks and shores of standing waters.
Conflicting land uses must be kept away from the bank. It is generally useful to offer appealing
recreation facilities at nearby adequate locations. Carrying capacity and limits of application of the
vegetation must be determined by analyzing comparable natural sites. To ensure a successful
establishment of the initial vegetation long term protection measures are necessary against trespassing,
driftwood, grazing livestock and water birds.

4.6 Dykes and dams

Problem

Dykes protect from flooding land uses, building and infrastructures in the hinterland when high water
levels occur in river and forelands. Dams are built to conserve a permanent high water level in a channel
of flowing or standing water. The problem of erosion is the same as those of earth slopes and
embankments. At water side of the dam the same problems occur as on banks of flowing or standing
waters. Due to high damage potential of associated to dyke or dam failure, caused for example by
floods, heavy storms, rain etc., measures of controlling, restoration and reinforcement have to be ensured
at any time. It is especially important to react fast and at an early stage when it comes to an outlet of
seepage water and erosion ground break.

Action

The main actions are caused by self weight, wind, rainstorm and surface run off. Additional actions occur
on the waterside due to water flow, shear stress, crush of driftwood and waves. The differences in water
levels may lead to slope sliding after a flood on the water side of the dyke. After flood events, because
of hydrostatic pressure or overflow of the dyke crone, slope failure, hydraulic ground break and erosion
ground break can occur on the landside. Grazing livestock (except sheep), as well as riders and cars can
damage the vegetation. Further damage is often caused by digging animals.

Resistance

It is common to use a dense grass cover in places where shear stress and flow velocity will cause no
damage on the vegetation. It is furthermore a protection for wave effects and wind erosion. There is,
nevertheless the possibility it can be damaged by drift ice and driftwood. The damage risk can be
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reduced by reinforcing the top soil (combination of stones and grassed top soil) or by creating a zone of

willow shrubs on the forelands of erosion-prone banks.

On the landside species of grass and herbs are used to protect the slope against wind and rainstorm.
This vegetation cover allows a better detection off seepage water. The use of a diversified choice of
autochthon species of grass and herbs eventually combined with the application of threshed hay ensures
the development of a dense, diversified and very effective root system ensuring, therefore a high level
of protection against erosion.

Limits of application

Limits of application are associated, in the water side with the level and duration of flood submersion.
Another limiting factor is the is the height of the individual plants and their carrying capacity against
overflow, the action of waves and the effect of driftwood and drift ice on the waterside.

Directions for dimensioning and design

Dykes and damns are primarily technical constructions. In most cases bioengineering stabilisation
measures with grass is the cheapest way to protect dykes against erosion.

If the limit of application is surpassed, a combination with stones is necessary. The possibilities of
maintenance, defence and reinforcement have to be taken into account during the process of planning.
Different wet zones of the slope and different frequencies and duration of flooding have to be
considered when choosing the plants to be applied.

4.7 Coastal protection

Problem

There are several ways bioengineering measures can be used to stabilise and shaping the coast. They
include measures of protection and development of dunes as well as dyke stabilisation. This is done by
building and maintaining forelands on tidelands. Bioengineering methods in tidelands such as “biogenic
land reclamation” were common in the past and are rarely applied today.

Action
Wind and water in combination.

Bioengineering measures are most commonly used in retrogressive areas along beaches. These are areas
where the erosion force is stronger and beach and white dunes are eroded. The action of wind can cause
the breach of interior dunes eventually causing the destruction of the entire dune. In progressive areas
along the coast, meaning areas where beeches, sandy tidelands and dunes are growing due to a
positive sand supply, plant growth and fore dunes can also be supported by bioengineering measures.

In the forelands the main problem are the ways of reducing the energy of the water, which, in the
absence of stable forelands acts on the dyke during storm flood events endangering their safety. A
heightened foreland will reduce and disperse the energy of the water diminishing therefore the
disruptive forces acting on the bottom of the dyke.

Resistance
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Morphodynamic of dune development and the corresponding biology of the site adapted species are

the best indicators on the possibilities of their application in coastal protection. In retrogressive areas the
resistance against the action of the wind and the associated sand deposition can be effectively ensured
by vegetation with a high roughness coefficient, such as it is created by brushwood combs or planted
culms grass species. The rooting system from dune grass and bushes stabilises the dunes.

In forelands Bioengineering measures are of particular significance in the prevention and control of wave
impact through its influence on the period and height of a storm surge wave, reduce therefore the energy
of the wave.

Rough texture of the foreland increases bed friction and reduces velocity of the water flow. The site
specific plant species and communities stabilise the soil structure and reduce erosion trough decreased
flow energy. The root system is of importance because. it bonds with soil particles and consists of flexible
and inflexible elements creating a very effective stabilising structure. The soil particles are highly stable
against external forces and the root structure supports drag and shear forces created by the flow. This
stabilisation capacity depends from the vegetation density, horizontal as well as vertical. The rate of
sedimentation depends from the intensity of flooding, which is determined by the average water height
of the tide. The transmission of energy depends on height, flexibility and mechanical resistivity of the
plants. The reduction of flow velocity increases with increasing height of the plant and leads to an
improved soil protection.

Limits of application
Abrasion forces are higher than grass, bushes, culms and plants can support.

Directions for dimensioning and design

The principle of sand retention trough the roughness of the vegetation and of sand and silt stabilization
of trough the structuring and stabilizing action of roots applies along every coastal area. Suitable plant
species are those with a stem and root system able to regenerate after being covered by sand. These
species, such as strand grasses and coast bushes, can stabilize blown and drifted material.

4.8 Planting for wind and erosion protection

Problem

Hedges of trees and bushes are very effective protection systems against damages to land uses and
infrastructures caused by wind and associated effects of desiccation, sand-, silt- and snow drifting.
Hedges and woods can also be used at excavation-, deposition-, mining- and other industrial areas to
reduce dust emission or dispersion. The use of a dense grass cover is also very effective in the prevention
of dust dispersion by wind of landfills and other waste disposal sites.

Action

Wind as the main acting factor must be extensively characterised in terms of its strength, duration,
frequency and direction.

Resistance

Critical values for the wind transport of materials according to their grain size, weight and moisture must
be identified.
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Species of grass, herbs and shrubs of dry and semi dry sites have proven of value when it comes to wide
area erosion protection on surfaces endangered by wind erosion. Hedges made out of trees and bushes

can affect the wind flow up to a distance of 10 fold the height of the hedge. The hedges should be
designed permeable in order to reduce turbulences on the lee side of the fence. Hedges for protection
against emission must be made by several multi layered plant rows.

Limits of application

Zones of excessive moisture and drought must be taken when choosing species of trees to be applied. In
the case of Hedges to protect from emission at mining or industrial areas, species should be used which
are tolerant to the specific emissions in addition to the other site conditions and constraints.

Directions for dimensioning and design

The aerodynamic impact can be prognosticated based on specific literature such as KOVALEV 2003. The
development of a hedge height requires yearlong or even decade long planning, planting and
maintenance. It is especially important to pay attention to irrigation and the protection from competing
vegetation as well as from grazing by cattle or game.

Revegetation and recultivation on mining and industrial areas often requires investigation of soil
concerning environmental impact. When dealing with brown fields and contaminated soil particular
attention must be paid to maximal acceptable concentrations of pollutants in the soil and all dispersion
and exposure pathways. A decision, whether a direct plantation is acceptable or if a cover layer of top
soil or even a surface sealing is necessary must made based on expert evaluation and existing
regulations and guidelines. Planning and design of the vegetation cover should only start after a clear
decision concerning the measures of environmental impact control and minimisation.

4.9 Water regime regulation

Problem

Intensive rainfall events may cause, particularly in areas with no or only little vegetation in gullies and
other drainage channels, strong surface run off with a short time of concentration and causing intense
erosion. This leads to sediment and mud loads with a negative impact on water quality. The accelerated
run off reduces groundwater enrichment. A suitable coverage with vegetation such as wood, bushes and
hedges can be used to regulate the water regime particular in extreme or very disturb sites like gullies,
steep slopes or other erosion prone areas. The impact of these bioengineering measures can be
especially important in catchments which sit above an area of flood risk as well as a catchment belonging
to hydro damn and other constructions of water supply.

Action

The main acting factors are precipitation, described in terms of intensity, duration and frequency as well
as drought, described as the duration of a period without precipitation.

Resistance

Slopes and other areas should be covered by vegetation that potentiate percolation and decelerate
surface run off.

29-35



I. C @ N I_ D SPECIALISATION PROCESS FOR THE ECOENGINEERING

SECTOR IN THE MEDITERRANEAN ENVIRONMENT

That is why a dense vegetation cover is needed as associated with complementary measures to increase

the roughness of the surface. Slopes and gullies should be structured in a way that reduces flow velocity,
increases the time of concentration, reduces the peak flow and improves infiltration. An improved
infiltration can be achieved by enhance permeability and extending the surface retention.
Bioengineering measures such as the plantation of a dense bush cover determining a clear increase of the
surface roughness together with measures increasing the hydraulic roughness of channels (rock channels,
planted gullies, torrents and creeks) are very effective in terms of these general goals. .

Limiting factors

Limiting factors are extreme conditions of the site such as slope gradient, exposure to light, site climate,
type of soil, compaction, lack of nutrients and presence of toxic substances. Further limits in gullies and
creeks are high flow velocity, shear stress and the impact of bed load.

Infiltration might potentiate the risk of slope failure at endangered slopes. These different risks must be
evaluated by geotechnical engineers.

Directions for dimensioning and design

The impact of infiltration and the velocity of surface run off can be predicted based on specific literature
such as MARKART et al. 2004. The development of the target vegetation density and structure requires
consistent planning, planting and caring over a period of years and decades to achieve and maintain the
intended effects.

The regulation of infiltration and surface run off requires vegetation maintenance. The choice of the
target vegetation must be based on the natural vegetation of the site to gain ecological stability and
ensure an higher resistance to environmental stress and diseases and reducing therefore the maintenance
demands and costs.

4.10 Areas destroyed by fire

Problem

Forest fire and other wild fire destroy vegetation as well as part or the totality of the litter and humus
layers. The resulting effects are a higher risk of erosion and increased runoff which has to be
immediately controlled by adequate measures. This is necessary in order to reduce the loss of soil and
nutrients and facilitate a faster and easier revegetation. The importance of preventing nutrient leaching
derives from the need to prevent eutrophication and the contamination of drink water reserves.

Action

The main actions are associated with the mass of dead plant material or the stock of flammable
materials in combination with climatic impacts such as drought, heat and wind (intensity, duration,
frequency and direction).

Resistance

Wild fires are linked to dry weather conditions and dry locations. Large, monotone woods and forests
favor the spread of the fire. Wide bands free of flammable materials (e.g. grass cover instead of
bushes or trees) retard the progression of fire. These open space zones can also promote biodiversity
and can be used for grazing.
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The natural development of vegetation after a fire due is normally very limited due to intensity of

disturbance of the ecological conditions, the lack of water and nutrients. .

The first measures have to be aimed at preventing soil erosion. This can be done with temporary
structures made out of available material. It is sensible to use charred trunks of trees on creeks, gullies
and steep slopes to create pile walls able to retain soil. Cribwalls and other type of catch dams can also
be used in gullies and creeks. It is also important to sow grass and herbs in order to create a dense grass
and herbaceous cover of the soil in a short time. The seed mix should consist of a variety of species which
are suitable for the extreme site conditions as well as fast growing species and species which belong to a
later level of succession.

Limits of appliance

Methods of revegetating depend on the level of soil destruction. Rapid planting is essential to prevent
the erosion fine and organic soil material.

Directions for dimensioning and design

The impact of linear erosion protection measures can be evaluated using erosion models. Vegetation of
the retarding fire bands must site-specific and f correspond to the natural vegetation. The target
vegetation should evolve in such a way that the risk of fire is reduced and that the vegetation is able to
recover in a short period of time. Maintenance should include removal of biomass; grazing is a
particularly good solution.

4.11 Bioengineering avalanche protection

Problem

Avalanches are natural hazards, which endanger human life and infrastructure in alpine and other high
mountain regions. The breaking of avalanches can be avoided by a suitable and well maintained
protection forest. This effect is achieved by the retaining action of stable and strong tree trunks that are
able to retain the snow pressure that builds a force parallel to the slope. The forest acts also positively
by promoting a more even distribution of the snow and its associated mechanic tensions. Vegetation can
hardly stop an avalanche once it is broken off. The maintenance of a protection forest should therefore
prevent this case from happening.

Action

Mechanical actions before the break off of an avalanche are created by the longitudinal component of
snow weight parallel to the slope. The layer of snow holds different specific weights depending on the
ratio of compaction; 1 KN/m3 in a loose state and compressed as ice 10 KN/m3.

The layer of snow can present a thickness of several meters by the end of the winter.

A permanent pressure due to the slow movement (no break off) of the snow layer acts on vegetation. The
so called snow creep / glide downwards leads to snow pressure in areas of 1-3.5 kN/m2. The forces are
strong enough to unroot small trees. When an avalanche breaks of it generates forces capable of
breaking trees only after a fall of 50m. After 150m trees are generally broken or unrooted. The forces
acting on the trees depend on type of avalanches: 3-5 kN/m2 in case of powder avalanches and 10 -
50 kN/m?2 in case of flow avalanches.
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4.11.1 Effect of vegetation in reducing avalanche impacts

The effect of vegetation in reducing avalanche impacts is determined by the different characteristics of
the forest, and do not exist in areas without adequate forest cover.

The most important affects are:
Snow interception

A part of the falling snow will be captured at the tree crown. A small part of it will evaporate. This leads
to a thinner layer of snow which is more structured in the woods, than in open space. Wintergreen species
have a higher ratio of interception than species without leafs in winter.

Radiation balance

Microclimate is more balanced in a dense wintergreen forest. Rise of temperature at day and fall at
night is minor compared to open space. This leads to a reduced risk of formation of a a weaker layer
within the accumulated snow layers.

Wind

The impact of wind and aeolian transport of snow is less of a problem in compact tree formations.The
mass of snow deposited on dense forested areas is higher than in clearings or areas without trees.

Resistance of vegetation against avalanches

The protection function of forest vegetation is to stop the avalanche from breaking off. If an avalanche
brakes off, no forest will be able to stop this mass of snow. In order to prevent avalanches from breaking
off it is important that forest vegetation is is high enough (roughness of surface) to pierce through the
layer of snow. No protection function exists if the layer of snow surmounts the roughness of surface (SAEKI
u. MATSUOKA 1969).

It is necessary to take particularly into consideration that small plant species, when completely covered
by snow bend to the soil and facilitate the flow of snow by reducing friction and promoting the break
down or the flow of avalanches. Small trees ensure, therefore only a given protection when they are not
completely covered by snow and can even promote the occurrence of avalanches in mountain areas
where the snow can accumulate to several meter thickness. Only continuous homogeneous forests can
protect from this danger. Forest is an effective and economic protection against avalanches. The trunks of
trees support and stabilise the layers of snow.

Nevertheless this protection action cannot be overrated.

Only a dense forest gives protection because it depends on the direct interaction between the snow
layers and the individual trunk.

Limiting factors

The natural timberline, determined by altitude and climate, defines the limits of bioengineering appliance
in the field of avalanche prevention. Local differences can occur according to the period of snow
coverage, exposure to wind, cold temperature, soil types and level of humus.

If particular attention is given to microclimatic and local topography is given there is the possibility that
forest formations can occur or be installed above the average timberline. Young trees often die of
fungal/ mould infection due to long coverage with snow. For example Herpotrichia juniper appears in
areas stretching from the foothills of the Alps to the high mountains and affects the needles of spruces,
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pines, fir trees and juniper. The distribution area is from 900 up to 2000 meter above sea level. This

fungus causes especially in the snow-prone area of foothills of the Alps a strong damage in regeneration
forest formations. It affects trees in nature regenerations as well as in alpine reforestations and can also
infect and destroy well developed and established trees.

Damage caused by game animals is a further threat to young trees. One must, nevertheless take into
consideration that young trees are more flexible than older ones. therefore only trees with a diameter
larger than 10 cm will crack due to the pressure of snow Causing the failure of reforestation projects of
reforestation after 30 to 50 years due to lack of adequate maintenance.

Directions for dimensioning and design

The required forest profile depends strongly from the defined protection targets and the damage
probability and intensity. For example, small glides of snow, which endanger people on ski slopes, can, if
any, only be prevented by a very large ratio of wintergreen tree formation (crown ratio > 50%). The
prevention of large avalanches in less susceptible areas is tendentialy less demanding. Less dense tree
formation as often occur around the timberline must, nevertheless be carefully evaluated. The crown ratio
and eventual clearings in the tree formations in combination with the slope gradient are important
criteria to take into consideration when evaluating protection functions (FREHNER 2005). Target value are
500 trunks per hectare for slopes with a gradient of ~35° and 1000 trunks per hectare for steeper
slopes in order to prevent avalanches from breaking off. This trunk density is often not achieved in many
subalpine areas. It is therefore important that clearances are no bigger than 15 to 25 m and a crown
ratio of of 30 to 50 % is ensured. The break off of avalanches is unlikely at a crown ratio of 50%, a
slope gradient of 35° and with clearances not larger then15m. The forest should consist of different age
groups and species. Overthrown trees are an additional protection and if possible should not be
removed.

Complementary the particular silvicultural management of avalanche prone areas additional structures
can be indispensible to prevent the break out of avalanches..

Examples of such complementary structures are, snow barriers, pilings, terraces and stone and soil piles.
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5. SOIL AND WATER BIOENGINEERING TECHNIQUES CLASSIFICATION

In this epigraph the traditional classification of soil and water bioengineering techniques is presented.

Some examples of soil and water bioengineering techniques are given. A detailed description and a
more comprehensive list of the soil and water bioengineering techniques are presented in modules 2 and
3.

5.1 Soil protection techniques

5.1.1 Sowing

Description
Manual spreading of seed mixtures:

a) with commercial mixtures of certified origin (species origin, blend composition, degree of purity,
degree of germination);

b) with flowers harvested directly in the field from stations of conditions similar to those in which it must
operate.

The covering is immediate, with an anti-erosion surface effect determined by the radical reticule
deepened in the ground (10 - 30 cm).

5.1.2 Hydroseeding

The spreading is made by a hydroseeding machine, equipped with barrel, of a mixture composed mainly
of seeds, adhesives, fertilizers and water. The various components of the mixture are mixed in the
mechanical ways, which is then sprayed onto the surfaces to be grassed by means of pumps and nozzles
with adequate pressure, which does not damage the seeds. The presence of adhesives guarantees the
protection of seeds during the first phase of germination.

The anti-erosion effect is immediate thanks to the presence of the film due to the adhesive and then the
radical reticule deepened in the ground (10 - 30 cm). In a short time an environment suitable for the
microfauna is developed.

5.1.3 Biomats

Description
Vegetable fiber mats (straw, coconut, mixed) or woven in jute or coconut yarn (of remarkable resistance),
used in the anti-erosion treatments of slopes that are poor in organic matter and subject to meteoric

erosion. The meshes of the biodegradable mat allow the plants to grow, thus ensuring the protection of
the surface once the mat has undergone complete degradation.

The mat durability is variable, the coconut fiber in particular lasts up to 5 - 6 years, but the final
degradation is complete.
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Figure 1Detail of erosion control matting. Source: ECTC, 2008.

5.2 Ground stabilising techniques

5.2.1 Live stakes

Live stakes consist of driven woody cuttings and / or branches of plant species with capacity of
vegetative propagation in the soil or in the fissures between boulders, insertion in live palisades, gabions
and reinforced earths. The use of willows is classic, as well as other species such as privet and tamarisks
(the latter resistant to alternate conditions of strong aridity and the presence of salts in the soil). The
stability of the slope and the superficial consolidation of the ground are limited to the development of an
adequate root system.

Figure 2 Source: Polster, 2001
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5.2.2 Shrubs plantation

This technique consists in planting of young indigenous shrubs in clods in pots or phytocells (of nursery
production) in specially prepared holes of appropriate size to accommodate the entire root or the entire
root volume of the plant. The stabilization of the soil is limited to the development of an adequate root
system and therefore this condition must initially be guaranteed by other material.

5.2.3 Wattle fence

Woattle fences are short retaining walls built of living cuttings. Wattle fences are used on sites where
oversteepened slopes are preventing growth of vegetation. This technique can also be used to protect
the toe of fluvial slopes from the river drag forces (protection from undercutting processes).

Figure 3 Wattle fence (source: Dave Polster, 2002)

In the following figure an example of the use of Wattle fences as a water bioengineering technique is
shown. In this case, the wattle fences are placed along the bank of the stream to create a woody buffer
against further erosion.

Figure 4 The water fences are placed to protect areas where the current is actively eroding the banks. Source: Dave
Polster, 2002.
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5.2.4 Brush layers

Brush layers are horizontal alternating layers of soil and live branches that create a continuous
reinforced bench within the bank. The vegetated end of the brush layers acts as ‘live fences’ that can
catch material moving down the slope. As the root system develops, the roots bind the soil together which
strengthens the bank. It can be used combined with other toe protection techniques (such as, wattle fences
or rock revetments)
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Figure 5 Brush layers details (Water Science Institute, NRCS)

5.2.5 Live fascines

A live fascine consists of planting of live bundles of wood species with propagation capacity vegetative
(rods tied together with iron wire) inside a furrow:

a) on the slope: secured with pegs struck through the bundles or in front of them;

b) on the bank: infixing wooden stakes with alternating orientation, for thus making the structure more
elastic and supportive in the event of full realization of bank spines causes a narrowing of the riverbed;

c) dead: along banks of water courses at low water speed and limited solid transport, dead bundles of
wood species are placed, arranged longitudinally on the bank below the average water level.
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Figure 6 Detail of a live fascine. Source: Robbin B. Sotir and Associates)

5.3 Water bioengineering techniques in lakes

5.3.1 Vegetated rolls

Vegetated rolls are usually made of coconut fiber bound together with twine. However, these rolls may
also be made of other materials that provide the same effect. Other bio-engineering techniques, such as
brush mattresses may be necessary to reinforce the upper bank above the roll.

Drive Stake
Through Netting
Place Colr Rolls Parallel AN
to the Streambank Along
a Horizontal Contour */; )
( | \

72 Nyl W
/A ]
& v

/¢ Minimum

38 x 38 mm
J " Recommended
Double Stakes . T
o Length of Stake
Optional : Determined by the Substrate

Figure 7 Detail of the vegetated roll. Source: ErosionDraw 4.0

5.3.2 Reinforced fascines (fascines with double poles)

Fascines with double willow (or balsam poplar) poles are used to protect the toe of an eroding
streambank. This is a useful wave break technique.
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Vegetation of graded surface using seeding,
seedlings, and live staking.

Optional Biodegradable Coir matting > 700
g/m’ with pins of 5 mm diameter x 60 cm
long, approximately 2 pieces / m’.

Dormant willow branches of 2-4 cm diameter,
> 2.0 min length, approximately 25 stems per
sectional area, layered with soil and gravel Fascine Bundle Alternative
and tied with mechanical wire of 2 3 mm

digmeter.

4 S

e

Flat area created using back of excavator bucket.

Layer of small willow branches 0.5 - 1.5 cm diameter,
length > 70 cm and approximately 40 stems per linear
meter.

Willow poles pushed in using machine, 8-12 cm in
diameter, length of > 2.0 m, spaced at 60 cm along
edge of slope and 40-50 cm between poles

Figure 8 Detail of fascine with double pole. Source: adapted from Bernard Lachat, 2010, BIOTEC.

5.4 Soil bioengineering techniques for sand dune stabilization

5.4.1 Natural fiber blancket
This technique combines the use of fiber blanckets (a runoff control measure) with revegetation.

/ Anchors/Stakes
Natural/’ / Plantings on Fiber Blanket
Fiber

Blanket

S

Prepared and
Pre-seeded Slope

Y

Ordinary High
Water Mark

Anchor Trench Filled
with Compacted Soil

Figure 9 Natural fiber blanket installation using anchor trenches and planted with native grasses. Source: adapted from
Massachusetts, 2016

5.4.2 Sand fixation using coir rolls
Coir rolls can be used to protect and stabilize the toe of a bank or bluff by providing a physical barrier

that buffers waves and reduces erosion of exposed sediment.

Coir rolls provide stability and protection to the site while the vegetation planted in and above the rolls
becomes established. As the coir rolls disintegrate, typically over 5 to seven 7 years, the plants take over

the job of site stabilization.
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Plantings on slope
and coir rolls

Slope

Coir roll with

Fill to create biodegradable mesh

stable slope

B Ordinary High
€ach Water Mark

& Duckbill
anchors

Figure 10 Cross-section of sand fixation using coir rolls. Source: adapted from Massachusetts, 2016.

5.5 Mixed construction techniques: consolidation techniques

5.5.1 Live slope grid

Vegetated slope gratings are large wooden structures that are constructed where slopes have failed.
The wooden elements provide a structure to support the slope while the vegetation becomes established.
The stabilization is immediate thanks to the wood reinforcement and the effect increases with the rooting
of the plant species, which also perform a draining action. The wood rotates over time, so that in addition
to good nailing, it is necessary that the plants inserted in the structure are vital and deeply rooted, thus
replacing the function of support and consolidation of the slope once the wood has lost its functions.

ELEVATION: Before final backfilling

Timber grating

~
Willow cuttings or
willow brushwood

b

Figure 11 Detail of a live slope grid. Source: Schiechtl and Stern, 1996

5.5.2 Live log crib wall

Timber structure consisting of a frame of logs to form chambers in which cuttings and / or fascines of
species with vegetative propagation capacity are inserted.
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Vegetation is planted between the logs used to build the wall. The vegetation reduces stream velocities
as well as providing cover and shelter for fish. The root structure of the vegetation strengthens the
material and soil within the crib.

This technique is useful when slopes are too steep for other techniques of stabilization and there is no
room to cut back the slope.

The wood with time decays, so besides good nailing, it is necessary that the plants inserted in the
structure have a good development in order to, over time, fulfill the support and consolidation function on
the slope. The stabilizing role transfer between the logs and the vegetation must be ensured by means of
a good design of the technique.

Bacifill with
Rock and Soil  Leaves are Not Present
\ /At Time of Installation
Galvanized Wire Mesh /
Geotextile Reinforcement
Mats or Coir Mats \

~ /- Some Basal Ends of Live
Branch Cuttings Should

__~ Reach Undisturbed Soil
™" Atthe Back of Crib
Structure

Bind and/or Spike A ‘- Logs are Angled

Logs Together Back Into Bank
Anchor Rod
(20mm x 2m) Source: ErosionDraw 4.0

Figure 12 Log crib wall detail (source: ErosionDraw 4.0)

5.5.3 Live gabion wall

Technique suitable for both linear arrangements and point-like arrangements, consisting of gabions in
double-twisted galvanized wire mesh and hexagonal mesh, filled on the spot with small stones of a
minimum size of 15 cm, arranged in parallel overlapping rows. Inside the gabions are inserted willow or
tamarisk cuttings with irregular or row arrangement in the first mesh of the upper gabion (not between
one gabion and the other).

Figure 13 Source: Gray and Sotir, 1996
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5.5.4 Vegetated geogrids

Vegetated geogrids are similar to brush layers except natural or synthetic geotextiles are wrapped
around the exposed soil between the layers, anchoring the ends of the geotextile in the fill material. The
geotextile material protects the exposed soil. This technique is used instead of brush layering in areas
where the water velocities are relatively high. Vegetated geogrids can be used on steep slopes that
have limited room for bank shaping.

Live Stakes,
Dead Stake Rooted Seedlings, etc.
to Secure Badiniil
i eotextile
'C:S:g:iixllle Compacted Soil

30 cm Lifts

Live Branches
Installed

24m When Dormant

Maximum, —\
Height Varies Baseflow
s

Figure 14 Detail of a vegetated geogrid with rock toe key (Watershed Science Institute, NRCS)

An alternative classification of soil and water bioengineering techniques is the following:

5.6 Techniques using only vegetation

Technique Soil cover Stabilisation

Manual seeding X

Hydroseeding

Cover seeding (with geotextiles)

Hay seeding

X X | X| X

Dry mulching

Cuttings

Living brushes and combs

Plantation of rooted branches

Living bush matress X

Fascines

Woattle fence

Bush layer

Planting of rhizomes

Plantation of woody plants

Hedge layer
Sod
Log branch cutting

XXX XXX XX X]|X]|X]|X
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Sod rolls X

Transplantation of live soil X

Table 2 Techniques using only vegetation

5.7 Combined techniques (mixed techniques)

Technique Soil cover Stabilisation
Rock fill and pavement X

Reno matresses X

Dry stone walls X X
Living or inert Rip-Rap (EN 13383 1

and 2)

Use of soil aggregating substances X

Geotextiles X

Mulching X

Anchors X
Wire mesh X

Gabions X
Reinforced earth with geotextiles X X
Log crib wall and other support log X
structures

Slope grid X X
Cuttings X
Fascines X

Table 3 Combined techniques (mixed techniques)
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6. SOIL AND WATER BIOENGINEERING BUILDING MATERIALS

As explained before, one of the main features of soil bioengineering is the use of plants or parts
of plants as building material. Initially, the stabilising functions are often developed by inert material
and, eventually, plants take over the reinforcing effects. This strategy has both advantages and

limitations that must be taken into consideration in the intervention design.

According to the NTJ 12-5 (Spanish technological norms for gardening and landscaping), the

material utilised in soil and water bioengineering works can be classified into four groups:

e Llive plant material

e Inert plant material

® Inert natural material
Manufactured material: The French technological norms for gardening and landscaping ("CCTG
fascicule n°35 - Aménagement paysagers ...) is distinguishing between new works and

maintenance works offering many indications for the tendering procedure.

6.1.1 Live plant material

This group comprises the typical and particular material used in soil bioengineering works. This
group includes the woody and herbaceous plants or plant fragments matching good biotechnical traits.
An adequate choice of the living material to be used in a particular intervention area is one of the
critical points for ensuring a successful soil bioengineering strategy and performance. In this framework,

the following criteria must be considered:

° The plant material must be chosen after a particular assessment of the intervention area
characteristics and incorporating a phytosociological approach.

° The final choice must include suitable plant species not only from the ecological approach
but also from the functional one. This is especially relevant in those cases where the reorganization and

the hydrogeological balance are aims of the intervention.

° Autochthonous plants must be prioritised because of their suitable adaptation to the local
conditions.
° The final selected set of plant species must be varied from both the plant size and

typology in order to achieve a suitable plant composition and structure.

According to the morphological traits and size, the following groups can be distinguished:
e Non rooted plant fragments with good vegetative reproduction capacities.

e Seedlings and rooted stakes
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e Seeds

e Sods and pastures

o Rhizomes

In soil and water bioengineering it is also important to distinguish between woody (shrubs and
trees) and herbaceous plant species.
Among the woody plant species it is important to differentiate rooted plant fragments from entire

rooted plants.

In slope stabilisation intervention, the non rooted plant fragments are the most important live
material type. This material must be prepared during their dormant period and must be collected from

nearby plant communities. There are different typologies:

o Stakes: these are woody non branched buds with 3-7 ¢cm of diameter and 50-150 cm of length.

® Branches: these are flexible and branched buds with a minimum length of 60 ¢cm and variable
diameters.

® Rods: these are straight buds, barely branched and with a minimum length of 150-300 cm and

3-5 cm of diameter.

Stakes Rods Branches

In fluvial scenarios, the Salix sp are the most common utilised genus in fluvial engineering works.

Woody plants, compared to herbaceous plants, reach deeper depths (up to 2.0 m depth) and

because of this, they offer a greater protection against mass movements.

The plant families of Salicaceas and Tamaricaceas, among others, have been selected and

assessed as good green material in soil and water bioengineering works.

It is also possible to select live material from the specialised nurseries. This will be done in the

following cases:
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- when the soil bioengineering work is not constructed during the dormant period.

- when revegetation actions are difficult and/or a complement for favouring plant diversity and

plant succession is needed.

In these cases, an adequate cultivation plan is needed in order to achieve a correct plant supply.
Plant supply may consist of plain rooted seedling or plants in containers. Plants must be young in order to

ensure a good rooting process and therefore, a good survival rate.

When cultivated in containers, herbaceous plants must have a well developed root system for

providing a suvitable performance in soil and water bioengineering works.

6.1.2 Inert plant material
This material type includes logs, branches, entire trees and organic geoproducts. These elements

provide structural functions and/or soil protection functions.

Inert plant material vutilised in soil and water bioengineering works have no vegetative

reproduction capacities.
Inert plant material examples are:
- Timber
- Organic geoproducts made of natural fibres
- Vegetated geoproduct structures
- Compost, organic amendments and soil protective covers.

Timber

Timber is utilised as a temporary consolidating element that stabilises the intervention area so
plants can develop and, over time, take over the main stabilising and reinforcing functions. Timber can be

used along with rocks and stones.
Logs with different diameters along with branches, entire logs and stumps can be utilised.

It is recommended the use of timber from local tree species. Genus such as Pinus, Larix and
Castanea are very common. For improving the timber durability, the logs must be debarked. The length
and diameter of the logs and timber utilised in the work will depend on both the bioengineering

technique and the material availability.
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Figure 15 Debarked logs for log crib walls and log palisades

Organic geoproducts made of natural fibres

Organic material such as organic mats and organic geogrids provide both a temporary protection
against runoff and support for the vegetation establishment. The most common natural material utilised
are coir, esparto, jute, straw, cellulose and, forestry residues. The materials can be made of more than
one component (e.g., coir and straw).

According to the way the materials are manufactured we can find:
Organic mats: they fibers are woven.

Organic geogrids: the fibers are also interwoven giving place to an organic web.

Both organic mats and organic geogrids are biodegradable. They are used for achieving and

immediate protection against erosion and, hence, allowing the vegetation both to settle down and
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eventually to develop the reinforcing effects. In fluvial scenarios, these organic materials can play the

role of retaining the fine sediments and prevent the fill from being washed out.

Both esparto and coir fibers have a longer durability and tensile strength. Because of this, their
use is more adequate for bioengineering fluvial interventions. The material type, fiber type and, fiber
weight (gr/m2?) will be defined by the desired effect type (either a support effect or an erosion
protection effect), by the soil granulometry, by the flow velocity and flow boundary stress, by the slope,

etc.

In fluvial scenarios it is common the use of organic mats while in slopes the use of coir geogrids is

more frequent.
Vegetated geoproduct structures:

Different manufactured products combine plant fibers with either seeds or topsoil or absorbent material
or living plants or a combination of them such as the structured pastures, the vegetated coir biorolls or the

vegetated mats.
Compost, organic amendments and protective covers:

Fertilisers, compost, organic amendments and protective covers are incorporated into the degraded

lands in order to improve their physical, chemical and biological traits.

6.1.3 Inert natural material
This material Group is formed by natural material such as topsoil, Rocks, Stones, earthwork
products, etc. They are earthy and stony material of different sizes used for earth fills, drainage fills and

for supporting and protecting the soil and water bioengineering structures foundations.

Since 2006, in Europe, in case of fluvial rehabilitation works, shapes and weight of these
destinated rocks are classified in CP (coarse particules), LM (Light mass) and HM (Heavy mass). This
classification depends on fluvial conditions. Rock dimensions are found by application of scientific and
experience based formulas with the aim to reduce quary impact, reduce costs of rock applying and

increase on site sustainable activities.
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Figure 18 Example of a Rip-Rap installation on the Rhine River in Central Europe (EN 13383 1 and 2 standard
specifications)

6.1.4 Manufactured material

This material group can be either metallic or synthetic. They are commonly used for fixing
(staples, nails, ...) or for reinforcing (webs, geogrids, etc.) the soil and water bioengineering structures.

Whenever possible, the use of biodegradable material is preferred.
Fasterners: they can be flexible (wire) or rigid (steel rods, stables, mails, screws, ...)

The nails used for assembling the wooden structures can be either corrugated steel rods with a

10-12 mm of diameter or screws.

49-55



F C SPECIALISATION PROCESS FOR THE ECOENGINEERING

SECTOR IN THE MEDITERRANEAN ENVIRONMENT

Figure 19 Staples-corrugated steel rods-screws-steel nails

Reinforcing elements: they are synthetic geogrids, geocells, wire mesh or gabion wire boxes, etc.

Flerd

Figure 20 Stainless steel wire mesh (left) and synthetic geogrid (right)

General note: the deterioration rate of some of the material included in the project must be included at
the design stage. For example, the wood decay rate assessment can calculate the cross seectional loss of
the logs used in the bioengineering structure. This can prevent the structure collapse and therefore ensure
the development of the desired stabilising function transfer process between the living and non living
materials of the soil bioengineering work (Tardio and Mickovski, 2016).

https: //youtu.be /d81wN8xzgjw

https: //youtu.be /3nzSBkim118

https: //youtu.be /siCMN-u_ATO
https: / /youtu.be /Bj-31Z400f4

https: //youtu.be /iUf4BgKTFSc
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7. PLANTS BIOTECHNICAL PROPERTIES

The technical and biological properties constitute the biotechnical characteristics that characterize some
plant faults and are essential for the success of naturalistic engineering interventions.

Technical properties

They consist in the capacity of live plants, through mechanical and hydrological actions, to protect the soil
from the erosion of rainwater, used in anti-erosive settlements with herbaceous species, and in the
stabilization of a surface layer of the soil through the "nailing effect" "Of the roots of the bushes
(stabilizing accommodation).

The mechanical actions consist in the reduction of the erosion and the solid transport downstream; along a
slope with a dense vegetal cover, the speed of water flow is about /4 of what would be, with the same
rainfall, on soils without vegetation and, consequently, the erosive action, which varies with the square of
the speed, can go down to 1/16.

The main effects of vegetation on slope stability are shown in the following figure and table.

Figure 21 Effects of vegetation on slope stability (from Greenway, 1987)

In summary, in favorable geomorphological situations, the forest can represent the project objective of
the interventions to reduce the hydrogeological risk, but in unfavorable ones (steep slopes, erodible
substrates, etc.), the effect of the trees, due to the induced overload and of wind, can result in
phenomena contrary to stability; it follows that in naturalistic engineeringinterventions on unstable slopes,
without prejudice to the essential role of plant cover, the botanical project does not provide for planting
trees, but anti-erosive, stabilizing and consolidating works based on the biotechnical characteristics of the
herbaceous and shrub species.

Resistance of roots
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Plants with high biotechnical value possess strong root systems with a capacity to consolidate the soil that
derives from the shape and density of the roots and results in an increase in shear strength and cohesion.

The most effective consolidation of the soil is obtained when the radical interpenetration occurs in
different layers and at various depths, so it is necessary to use different species.

For an assessment of the biotechnical attitudes of a species, some indicators are used:

* The relationship between the volume of the roots and the volume of the jets (Schiechtl, 1973)

* The resistance to the grubbing up of the whole plant

* The tensile strength of the roots with the classic resistance tests of the materials

Biological properties

In addition to the soil stabilization properties, many plants have biological properties, and in particular:

1. Reproductive capacity by vegetative means, or by cuttings. The ability of some species to
conserve some meristematic cells within the specialized tissues is exploited, with the genetic
message able to activate the biological processes of reconstruction of the entire individual: the
genera Salix (willow), Populus. (Poplar), Tamarix (tamarind), Nerium oleander (oleander), Laurus
nobilis (laurel), Atryplex halimus (atriplice), Artemisia arborescens (shrubby wormwood),
Laburnum anagyroides (laburnum), Ligustrum vulgare (Ligustro), Sambucus nigra (elderberry) ),
Phragmites australis (rhizomes), Arundo pliniana (rhizomes), Corylus avellana (pit, root cutting),
etc.

In carrying out naturalistic engineering works, only those species that have at least the ability to take
root can be used conveniently 60-70%, since some root and reject insufficiently as, for example,
Salix caprea (salicone) (Schiechtl, 1992).

In the interventions of soil and water bioengineering, the willows that have, in general, an excellent
biotechnical attitude and a rapid vegetative propagation, are used above all in the hydraulic
arrangements. The massive use of willows in the Mediterranean ecoregion, especially the meso-
hygrophilous species, although compatible from an ecological point of view in wet stations (such as
watercourses or mountains) it should be well evaluated in other stations, where it is often not feasible
for ecological and climatic limits for lack of floristic-vegetational coherence and for availability
difficulties.

The pruning of cuttings, however, is carried out in the period that generally coincides with that of
vegetative rest (plants without leaves). From the experience in the Mediterranean it has been seen,
however, that cutting is possible, depending on the ecology of the station (humidity, altitude, exposure,
etc) even in some spring and autumn months, with the exception, however, of the period between
flowering and fructification and the autumnal chromatic alteration of the leaves, with very low rooting
capacity.

When cutting the willows, it should be remembered that the longer and thicker cutting has, due to a
greater reserve of hormones stored in the cells, a better capacity for growth in the first three years of
life. The most frequent willow species in the southern regions are:
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Salix alba, S. purpureq, S. triandra, S. eleagnos, S. cinerea and S. caprea (used as a rooted plant and
not by cuttings).

2. Ability to emit adventitious roots from underground stems: the genera Alnus (alder), Salix,
Populus, Fraxinus (ash), Euonymus europaeus (priest's bonnet), Viburnum tinus (lentaggine), Cornus
sanguinea (sanguinello), Acer pseudoplatanus (mountain maple), Corylus avellana (hazel), etc.

On Mediterranean slopes, where the difficulties of the cuttings of the willows are real, since they
are not coherent from an ecological point of view, one should promote the use of thermo-
xerophilous species with the capacity to develop adventitious roots from the buried stem, to be
used as rooted plants, but with the same function as cuttings. This biotechnical characteristic is
reflected in nature in the resistance to the dressing of some plants: while an over-flooding
covering causes the progressive decay due to asphyxiation of most species, some woody plants
endure it without losing its vitality.

3. resistance to submersion even for prolonged periods: willows, populus alba (white poplar), alnus
glutinosa (black alder), ash trees. The reparal associations can endure without damage
submersions lasting from hours to more days, also several times a year, but not the total
submersion asphyxiation. Ownership must be taken into account in the design of the interventions
of B.E. in the hydraulic field.
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8. VEGETATION REINFORCING ACTIONS (POTENTIALS AND LIMITATIONS)

This section is also included in Module 2 ’Soil bioengineering and geotechnics’ although in more detail.
8.1 General actions

Foliage intercepts rainfall, causing absorptive and evaporative losses that reduce surface water runoff
and erosion.

Evergreen trees and shrubs continue the metabolic activity known as evapo-transpiration, which extracts
moisture from the soil, throughout the year. As logging or clearing occurs, water table levels rise, and
soils remain saturated for longer periods, reducing soil cohesion and increasing the rate of land slides.

Roots reinforce the soil, increasing lateral soil sheer strength and cohesion during saturated conditions.

Many slopes can persist beyond their angle of repose and remain stable as a result of the complex root
networks within soil blocks.
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Figure 22 Some influences of vegetation on the soil

Tree roots anchor soil strata vertically and laterally by means of large-diameter structural roots. These
roots may extend well beyond the tree’s canopy or crown.

Roots, especially the fine feeder roots of trees, shrubs and groundcovers, bind soil particles at the ground
surface, reducing their susceptibility to surface erosion and slumpage during saturated soil conditions.
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Figure 23 Role of vegetation in reducing erosion and stabilizing slopes (Menashe, 1993)

Large trees can arrest, retard, or reduce the severity and extent of failures by buttressing a slope. This
works in much the same way as retaining walls. In the case of trees, though, the system is to some extent
self-repairing, and it becomes progressively stronger over time, whereas engineering structures are
strongest when installed and become progressively weaker over time. Obviously, planted trees need
adequate time to develop root systems and become effective in stabilizing slopes.

In following pictures, different scenarios are shown where the combination of different plant roots types
and stratigraphy give place to different plant reinforcng capacities:

Type A

Characterized by shallow (less than 1 m depth) soils overlaying parent material (competent rock, glacial
till, dense silt or clay) which resists root penetration. Surface soils are fully reinforced with tree roots.
Lateral rooting, though shallow, often resists slope failures if tree density and distribution is adequate to
provide an interconnected root-web matrix. Rooting is plate-like. Roots are at failure plane. Subject to
rapid, shallow slides during extreme rain-on-snow events.

Stabilizing effect of roots: Moderate if not compromised. The soil tends to become rapidly unstable
when disturbed, or subjected to increased hydrological influences. Anchoring - minor. Soil cohesion - high.

Type B
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Characterized by shallow (less than 1 meter depth) soils overlaying parent material (dense sand, glacial
till, etc.) which allows significant root penetration. Degree of anchoring into parent material by roots is
dependent on the nature of the fractures in the parent material and the predominant tree species. Roots
intersect potential failure plane, providing shear resistance.

Stabilizing effect of roots: High. Individual trees are stable without a significant dependence on adjacent
trees. Both anchoring and soil cohesion benefits are high.

Type C

This scenarios is characterized by deeper soils (3-12 feet) with a non-distinct transition zone in which soil
shear strength increases with depth. Assumptions include: (1) transition zone functions as a drainage
moderator, allowing a concentration of groundwater and increased pore-water pressure; (2) failure
plane passes through the transition zone; (3) soil zone is more easily penetrated and permeated by roots
than in B, above. (Example: sandy loam over loose till over compacted till.)

Stabilizing effect of roots: Anchoring - high. Soil Cohesion - high.

Type D
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Characterized by deep soils where both the failure plane and the soils are deeper than the root zone.
The actual depth of the soil for this condition to occur depends on root morphology (depth, spread, etc.)

of the particular tree species on the slope. For example, on a slope where Red alder predominates, a
relatively shallower soil depth would exhibit Type D conditions, while on a slope forested by Douglas-fir
the stabilizing effects would be significantly greater for the same depth.

Stabilizing effect of roots: Anchoring - minor. Soil Cohesion - moderate.

Some typical Mediterranean plants increase topsoil resistance to erosion and shallow landslides from
runoff and superficial flow. Some Mediterranean species were subjected to root tensile strength, shear
stress and /or pull-out tests, and also the architecture of their rooting system grown on slopes was studied.
In general, the development of the root system is influenced by genetic and environmental factors, e.g. its
lignin and cellulose content, soil structure and texture, temperature and water availability, seasons and
altitude. In nature a wide variety of root systems can be observed, both on a horizontal and on a vertical
plane. Consequently, their impact on soil reinforcement is somewhat heterogeneous. Moreover, they
increase the resistance of top-soil to erosion and finer roots have a higher tensile strength per cross
section unit area. On the other hand, thicker roots can be likened to biological nails, which probably tend
more to pull out than to break; thicker roots use just a small part of their tensile strength. The importance
of fine roots is also demonstrated. The literature also reports that as root tensile strengths are usually
measured in tens or hundreds of megapascals and soil shear strengths are normally in the range of tens
of kilopascals, interspecies differences in the tensile strength of living roots are probably less significant
to slope stability than are interspecies differences in root distribution. The impact of root reinforcement on
soil is generally expressed as an increase in soil cohesion. A number of factors influence the tensile
strength test: species, season, age, soil compaction, deformation of roots, soil and root moisture, root
preservation, field or lab test, type and size of testing equipment, procedure for clamping the root, test
speed, and rate of elongation. The planting method, quality of planting and root pruning (undercutting)
influence the root development when establishing a planted stand. Three main methods can be used:
direct seeding on site, transplanting of seedlings sown in containers, planting of bare-root seedlings and
transplanting of cuttings (bare-root or in containers).

The main effects of plant roots are shown in the following figures:

Increasing soil cohesion
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soil reinforcement —root growth
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8.2 Mechanical Role of Roots

Roots provide mechanical support to a soil mass through its tensile strength, adhesive and frictional
properties. Roots growing perpendicular to the soil surface provide resistance to shearing forces acting
on the soil. Roots extending parallel to the soil reinforce the tensile strength of the soil zone. A soil mass is
reinforced not only by these two strengthening aspects but also in terms of the spatial distribution it
occupies. Fine roots (1-2 mm in diameter) are a tertiary root system and represent less than 5% of a
tree’s biomass but provide more than 90% of the water and nutrient uptake of all roots (Schwarz et al.
2009). Coarse roots are greater than 2 mm in diameter and consist of 15- 25% of a tree’s biomass.
They can be broken down into four classes: taproot, lateral roots, basal roots and adventitious roots.
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These classes can be subdivided to primary and secondary roots, with secondary roots stemming from

primary roots that originate from the root system. The major factors that govern shallow slope stability
are: number, size, tensile strength and bending stiffness of roots penetrating the failure planes. A greater
quantity of fine roots is more effective at reinforcing the soil than a smaller number of coarse roots since
tensile strength increases as root diameter decreases. Furthermore, during a slope failure, fine roots tend
to break off but remain fixed within the soil, while coarse roots can simply slip out. However, only coarse
roots can penetrate great depths and firmly anchor the soil mass. Moreover, by extending deeply,
coarse roots can fix large volumes of soil and reinforce shallow slopes. Coarse roots also have a higher
bending stiffness meaning it can withstand greater bending stresses than fine roots. It is ideal to have a
combination of both fine and coarse roots. A large density of fine roots in the upper layers of the soil
stratum aids in resisting tension while coarse roots extending deep into the soil and crossing shear planes
provide stability from bending and shearing forces. The effectiveness of mechanical slope stabilization
depends on the depth of the weakest soil zone, the likely failure mechanism and the steepness of the
slope. The environment surrounding the soil plays a large role in determining the effectiveness of root
fixation. Factors that hinder the growth of roots, including but not limited to rocks and a water table,
reduce the significance it has on a slope. The soil type also plays a significant role in determining the
effectiveness of roots for the texture of the soil can influence the resistance of uprooting while the soil’s
nutrient level may dictate the spatial density and distribution of roots.
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9. PLANT SELECTION — CHARACTERISTICS AND TECHNICAL FUNCTIONALITY

Selection of plant species for Soil Bioengineering

The species building the natural vegetation communities of each site, particular the ones
corresponding the first successional stages, must build the first orientation for species selection.

Within this set of species and considering their individual characteristics the selection criteria are very
diverse:

* Pioneer character (ecological strategy);

* Adaptation to the site and the projected ecological community (functional, ecological and
genetic)

* Adaptation to the local stress factors (soil and climate)

*  Resistance / resilience to disturbances

* Resistance to local pathogens

*  Guarantee that the selected species combination ensures a balanced succession

* Existence of development and dispersal conditions (mycorrhizae, pollinators, dispersers)

* Typology of vegetative propagation and establishment (seed, vegetative cutting, rooted plant,
etc.);

*  Availability of establishment material (ease to obtain and to establish on site or nursery);
*  Establishment and development speed;

*  Technical functionality (cover, typologies of root growing and development, influence on the
balance of nutrients, absorption and retention of contaminants, etc.)

° Ease of maintenance.

Correspondence or adaptation to the site, ensuring that the selected plant material correspond to the
ecological conditions of the site and the local vegetation communities and that all plant material is

obtained in the vicinity in order to prevent genetic contaminations.

9.1 Plant database

For facilitating the plant selection decision making process, a plant database was generated within the
Ecomed project framework.

The main variables used in the database structure were the following:
Climate

Habitat type

Soil

Plant type
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By means of this tool any practitioner will be able to select a set of plants adapted to the environmental

conditions of his/her intervention area.
The information associated to each selected plant species is the following:

Phenology, biological types, morphologies (Ellenberg numbers), ecology, reproduction, biotechnical
characteristics, aerial characteristics, information about the root system, synthetic parameters (Cornellini
et al, 2008).
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10. PLANTS AND BIOENGINEERING TECHNIQUES ADAPTATIONS TO THE
MEDITERRANEAN CLIMATE

In the Mediterranean climate, plants have evolved under conditions of low soil-water and nutrient
availabilities and have acquired a series of adaptive traits that, in turn exert strong feedback on soil
fertility, structure, and protection. As a result, plant-soil systems constitute complex interactive webs where
these adaptive traits allow plants to maximize the use of scarce resources.

Mediterranean plant communities are generally dominated by sclerophyllous woody plants with an
herbaceous or shrubby understory (Specht 1981; Orshan 1983).

The most specific structural characteristics of Mediterranean plants are those related to conservative
mechanisms linked to the avoidance of water stress but frequently also to the scarcity of soil nutrients. The
lack of soil resources has led to a narrow evolution of plant-soil systems.

Mediterranean plants have acquired a set of morphological and physiological adaptations in response
to deficits of soil water. The development of deep and extensive root systems is among the most
characteristic traits of plants in Mediterranean ecosystems. Deep root systems enable the uptake of
water from deep soil layers in drought seasons when the upper layers are water depleted (Veneklas
and Poot 2003; Padilla and Pugnaire 2007; Baldocchi and Xu 2007; Herndndez-Santana et al. 2008).
Moreover, in Mediterranean plant communities, plant species with root-systems that tend to occupy
different soil layer usually coexist avoiding the root systems overlapping and consequently diminishing
the competition intensity, and also allowing to exploit the sources throughout all the soil depth (Castell et
al. 1994; Silva and Rego 2003; Lefi et al. 2004q, b; Mattia et al. 2005; Moreno et al. 2005; Filella
and Pefivelas 2003b; Silva and Rego 2003; Mattia et al. 2005; Mereu et al. 2009). Plants with deep-
roots have proved to resist better drought events than species with shallow-root systems (Padilla et al.
2007; West et al. 2012). Furthermore, Mediterranean plants have high root plasticity in the early stages
of life (Padilla et al. 2007). At the foliage morphological level, Mediterranean plants improve their
capacity of drought avoidance increasing their foliar sclerophylly by developing thick cuticule and
increasing leaf mass area (LMA), high density of foliar trichomes (Table 1), and high plasticity of foliar
morphology and size.

General adaptations to drought by Mediterranean plants at physiological level include a large capacity
to maintain water flux and hydraulic lift (water conduction from soil to plant tissues) in the soil-plant
continuum , including a large resistance to xylem cavitation and high stomatal control.

In Mediterranean conditions, the plantation technique to use, the place and the hole design (for runoff
collecting) should be selected very carefully. In the same way, the season for planting must be chosen,
preferably in autum, but not in the period of hydrological deficit (mainly summer).
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11. PROJECT, CONSTRUCTION AND MAINTENANCE — BRIEF INTRODUCTION

11.1 Project

The correct choice of a Soil Bioengineering construction method as well of the association of plants to be
applied is decisive to the fulfillment of the project targets. The decision criteria are defined according to
following objectives:

* Protection

— hydraulic, hydrological, geo-technical and safety-technical requests of the construction
type and the future vegetation

*  Ecological

— amelioration of the ecological condition of for example a stream in terms of the
development of its flora, fauna and river processes, functions and resources

* Biotope structure as habitat
* Landscape estetic
— best possible integration of the construction in the landscape
— insurance of the recognizability of a stream in the landscape
*  Economical

— use of plant material capable of vegetative reproduction and development as well as
materials obtained locally or in the direct vicinity

— use of durable and low maintenance construction types and materials
*  Low cost construction and maintenance
*  Sustainability

— use of natural construction material able to further development: live plants, wood,

earth, rocks.
— use of low energy construction materials
*  Societal
— possibility of use by the population, tourism and leisure

— creation of new green areas in urban areas
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Table 4 Decision Matrix
Legend
Degree of technical 1 =small 2 = medium 3 = high
achievment
Beginning of the effectiveness | 1 =imediatly 2 = after severel weeks | 3 = after several months
. . 1=shortterm | 2 =medium term 3 =long term
Duration of the effectiveness &
(1 -5 years) (5 - 10 years) (more than 10 years)
Spatial effectiveness 1 = puntual 2 =linear 3 =area
Cost 1=small 2 = medium 3 = high

Table 5 Legend of Decision Matrix

11.2 Construction

The diversity of techniques and specific construction procedures determines that students should refer to
the literature in particular the EFIB’s Construction Type Manual

11.3 Maintenance works
* For grasses, reed and herbs following maintenance measures can be used:

— Mowing (partial, along stripes, seasonal, according to the maturation of seeds and
fruits, using hardware and methods adapted to the biotope)
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— Underwater mow
— Amelioration works like
— Reseeding
—  Fertilizing
— Installation of sod slabs, new plants or plant parts
— lrrigation
— Collection and removal of garbage and refuse
*  For trees and bushes following maintenance measures can be used:
—  Sprouting from the root (partial alternated rejuvenation)

— Pollarding (on trees above the flood water level, along maintenance roads, according
to cultural and ecological considerations)

—  Thinning / removal of individual plants due to hydraulic, ecological or esthetical reasons
—  Pruning

— Removal of invasive species like Robinia trough the extraction of a 50 ecm bark ring at
circa 100 - 150 cm height

— Repair interventions like

— Replanting

— Fertilizing

— Maintenance of the tree cover density
— lrrigation

— Renew of the tree supports

Collection and removal of garbage and refuse
Basic maintenance principles

Maintenance must occur only when necessary - "let instead of do"

* The choice and application of the construction method must involve a minimum of maintenance
costs

* It should fulfill the objectives as quick and with as low costs as possible

* The developed structure ensure the full and harmonious effectiveness of all technical, ecological,
economical and esthetical objectives.

*  Maximum diversity and biodiversity
* Safety for road, train and stream traffic

¢ Continuous contribution to an increased effectiveness
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* It must be made clear that maintenance can also lead to negative developments. The adaptation

of the maintenance approaches to the natural conditions and processes is the only method to
avoid maintenance errors that can be more negative then no maintenance at all.

* The development of the maintenance works must be adapted to the development of the
construction and the combined vegetation within the consideration of the defined target
vegetation.

*  Basic condition for fulfillment of the objectives of the intervention is the respect of the predefined
maintenance steps within an expert monitoring of the evolution of the structures and vegetation.

* It is mandatory in Soil Bioengineering project the inclusion of the financial needs associated with
an adequate maintenance by qualified personal.

* The maintenance organization must ensure the quality of the plant material (as construction
material, support material, biomass, etc.), according to the same criteria used in the project.

* The moment and type of maintenance interventions must be recorded and documented.

Types of maintenance activities (EFIB Guidelines):
e Completion maintenance / growth maintenance

Measures taken after the completion of the construction until the fulfillment of the construction objectives
or the acceptation conditions by the client. These conditions are defined according to the defined success
criteria. These criteria must be clearly defined and located in the frame of the project and described in
the project specifications.

e Development maintenance

Measures aimed at ensuring the best possible development until the end of the warranty or the
establishment of a functional plant cover.

e Maintenance care
Measures to ensure the maintenance of the long term functionality of the installed vegetation.
e Extraordinary maintenance measures

Maintenance measures necessary after extraordinary or unforeseen events (floods, plagues, invasive
Neophyte species, wind throw , wet snow etc.).
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12. SAFETY IN THE CONSTRUCTION SITE

12.1 Main types of safety risks associated with construction works

e Cuts and abrasion
o Noise

e Projection of debris
e Fire

e External dangers: Landslide, Rock slide, Failure of working substrate

12.2 Preventive measures and instruction for the workers

12.2.1 Before the work, particularly with machines

Verify the integrity of the hand protection devices

Verify the correct functioning of the apparatus and its safety devices

Control the people present that can be endangered by the activity and use of the apparatus

Verify the integrity of components like the chainsaw chain, the integrity of the augers, the integrity of
chains, ropes and other building apparatus

Verify the correct functioning of large machines and the stability of the working substrate

Determine the area of danger due to the operation of the equipment and define and enforce a safety
zone

Verify the levers of noise associated with each equipment
Verify the adequacy of the protection gear used by the workers

Organize the construction yard ensuring accessibility, mobility, restricted and controlled access and
adequate areas for the manipulation of pollutant materials.

12.2.2 During operation

Ensure the permanent assessment of the stability of the working site

Ensure that no other worker penetrates unnecessarily the safety zone of each operation
Ensure that the protection gear is permanently used by all workers

Correctly and safely dispose the work tools and machines during work pauses

Avoid works involving cutting vegetation or moving building material during and in the vicinity of the
operation of large machines

Prevent al risks of pollution by fuel or lubricant spilling and implement no smoking rules

12.2.3 After operation

Clean all working material and machines
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Control the integrity of all tools and apparatus

Verify and lubricate all machines
Report eventual malfunctions

Close the construction yard when not in operation

12.3 Individual protection gear

Gloves

Glasses and Face protection
Safety shoes

Safety garments

Noise protectors

Helmet

https://youtu.be /kgnS1BckPgk

https: / /youtu.be /biULsOjluTY

https: //youtu.be /3Cbis5J1CIQ

http: //www.labour.gov.hk /eng/public /os /D /ConstrutionSite.pdf

http: //www.hsa.ie /eng/Publications_and Forms/Publications/Agriculture and Forestry /Code%200f%2
OPractice%20Forestry%202009-.pdf
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14. ASSESSMENT AND FEEDBACK

This module is continuously assessed during the course of the semester. The assessment comprises
practical works and theoretical exams. The pass mark for this module is 50% - you must achieve
an overall aggregate of 50%. The weightings of each assessment are as shown in the table
above.

Full details of the course works are contained in the Coursework Briefs which will be issued in due
course.

Note: Failure to submit the coursework for the appropriate deadline without ‘good cause’ will be
regarded as a non-submission, and hence will result in failure in this module. If you have a good
reason for needing an extension to the deadline, you must discuss this with the module leader
beforehand, or if this is not possible, within seven days of the published hand-in date.

To help you guide your development you will be provided with feedback on your performance
throughout the module. This feedback will generally be presented to the class as a whole in
which general comments about common positive and negative aspects of the cohort’s overall
performance will be provided. You will be given an opportunity to individually review your
marked work to help you understand which aspects of your studies you are performing well in
and which aspects require further attention. These comments will be made with regard to both
the communication skills (i.e. spelling, grammar and presentation) as well as the technical content
of the module. You are entitled to keep marked submissions for your review - however, you must
return these when asked by the Module Leader or Module Tutor.
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15. DIRECTED LEARNING AND PRIVATE STUDY

As you are expected to 'read' for your degree, you will spend about as much time in directed
reading and private study as in enhancement sessions. This is non-negotiable and, therefore,
lecturing staff will expect you to be up to date with the current theme.

The indicative reading for this module comprises mainly open-source documents accessible to all
in electronic format. Local libraries hold a large stock of basic reference texts which are
available on short and extended loan. Academic libraries subscribe to a number of professional
journals/magazines published by the leading professional bodies, and you will be expected to
demonstrate evidence of having sourced information from these in your coursework activities.

You should also make use of web-based materials and visit appropriate sites to develop a wider
knowledge of the key issues and activities of not only your chosen discipline, but also in other
related fields.

Please refer to the Module Descriptor for a detailed reading list. However, you may also wish to
have a look at a number of Internet sources of information, which will be given in the References
/ Learning Resources section.
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16. MODULE DIFFICULTIES AND EVALUATION

If you have a particular problem with the academic content or the completion of any aspect of
the module, please speak to the module leader in the first instance. If the problem persists, you
should speak with your employer or Academic tutor.

A module evaluation form will be made available to you on-line after the module is complete
and you will be asked to address the set questions carefully and make any comments about the
module in order to help us develop and improve the module content and delivery. These forms
are analysed (anonymously) and the findings considered by the appropriate professional
organisation as part of the Quality Assurance processes. However, please feel free to contact
the module leader with comments that you may have about the module in the first instance.
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17. PERSONAL DEVELOPMENT PLANNING (PDP)

PDP is aimed at help you to develop as an independent and confident learner, not only during
your time with us, but throughout your future career. It also allows more effective monitoring of
your progress while undertaking your degree program studies. The process has been described
as

“A structured & supported process undertaken by individuals to reflect upon their own learning
and performance, and/or achievement, and to plan for their personal education and career
development.”

As a member of a professional graduate community, you will be required to undertake
Continuing Professional Development throughout your career. Learning therefore must be seen as
a lifetime activity, and the introduction of PDP at the early stages of your career prepares you
for these future requirements. PDP provides an opportunity for you to develop your capacity for
learning by getting you to reflect on why and how you are learning, and to become more
capable of reviewing, planning and taking responsibility for your studies. All of the foregoing
will of course be supported by staff, in particular your Academic Tutor. The key objectives of the
PDP process can be summarized as follows:

. To help you become a more effective, independent and confident self-directed learner

. To understand how you are learning and be able to relate that learning to a wider
context

. To improve your general skills for study and career management

. To articulate your personal goals and evaluate your progress towards these

. To encourage you to develop a positive attitude to learning throughout your professional
life.

Access to a wide range of services, information and software can be made through the home
page of the course: html. . You will be automatically given access to the
resources of the different involved Universities and Enterprises. A common platform (e.g. Moodle)
will be made available to allow the access to all learning resources and the permanent
interaction between teachers and students as well as supporting many of the assessment

procedures.
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QUESTIONS FOR THE VIRTUAL LEARNING PLATFORM (VLP):

1.

10.

Soil and water bioengineering (SWB) uses:

a) Only inert material

b) Only living material

¢) Living and , if necessary, inert material.

The following material can be classified as living material:

a) Geogrids

b) Willow stakes

c) Rip-Rap

Which one of the following techniques can be classified as a consolidation technique:

a) Live slope grid

b) Brush layers

c) Live fascines

In soil and water bioengineering works the use of biodegradable material is:

a) Used hardly ever. It is preferred the use of non-biodegradable material

b) Used always

¢) Used just depending on the soil conditions

In soil and water bioengineering works, the followed strategy consists in:

a) Stabilizing the intervention area by constructing permanent structures and element

b) Looking for a transfer process between the initial rigid material used and the
evolving plant communities

c) stabilizing the area by letting the nature to restore by itself always

In soil and water bioengineering works, a maintenance stage throughout the work service

life is:

a) Not necessary

b) Is sometimes necessary

c) Is always necessary.

Geotechnical and/or hydraulic calculations are necessary for an adequate design of soil

and water bioengineering works:

a) True

b) False

c) It depends on the bioengineer’s knowledge

Because of the manifold functions and targets pursued in soil and water bioengineering

interventions, transdisciplinarity is:

a) Sometimes necessary

b) Always necessary

c) Hardly ever necessary

The decay/deterioration processes of the biodegradable materials utilized in soil and

water bioengineering works must be considered at the design stage:

a) Only when human risks are present in the intervention area

b) When the manufacturer prompts it.

c) Always.

The typical stages in soil and water bioengineering works are:

a) Design and monitoring stages

b) Construction and maintenance stages
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c) Design, construction maintenance and monitoring stages.
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1. MODULE DESCRIPTOR

Status: core
Credit Points (ECTS):6
Pre-requisite knowledge:none

Module structure:

Activity Total Hours
Lectures 50

Tutorials 20
Seminars 20
Practicals 28
Independent learning 30
Assessment 2

Total 150hours

Summary of module content:
This module will present the basic issues related to the instability of slopes and soil erosion.

The main models will be presented and applied both for structural stability (mass movement) as for soil
erosion.

The main Soil Bioengineering approaches to these problems will be presented and its efficiency
evaluated according to the existing models.

Learning outcomes:
On successful completion of this module students should be able to:

Identify the main instability processes occurring in slopes and relating them to the slope geology, soil and
drainage.

Handle the main models characterizing both erosion and mass movement processes
Identifying the critical issues to be controlled and the necessary technical approaches

Identify the viability of soil bioengineering interventions and assess their typology and limits of
applicability

Identify and conceive the adequate soil bioengineering techniques for each situation

Evaluate their efficiency using the existing models

Teaching/Learning strategy:
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Teaching will follow novel methods derived through the ECOMED project: lectures for imparting
fundamentals of module and tutorials and practicals for application of the fundamentals. These will be
supplemented with virtual learning content, case study analysis, site visits and work placements.

Other learning and teaching strategies will be developed and implemented, appropriate to student
needs, to enable all students to participate fully in the module.

Indicative reading:
Bloemer, S. et al 2015. European Guidelines for Soil and Water bioengineering. EFIB

Bromhead, E. N. (1992) — The Stability of Slopes. 2nd. Ed. Blackie Academic & Professional. Chapman &
Hall.

EFIB. European Guidelines for Soil and Water bioengineering. 2015. Edited by the European Federation
for Soil and Water bioengineering (EFIB).

Ortigao, J.A.R. & Sayao, A.S.F.J. (Ed.)(2004) — Handbook of slope Stabilization. Springer. Heidelberg.

Coppin, N.J. y L.G. Richards (Eds.) 1990. Use of Vegetation in Civil Engineering. Construction Industry
Research and Information Association (CIRIA). Butterworths, London

Cornelini, P., y G. Sauli. 2005. Manuale di Indririzzo delle scelte progettuali per interventi di Ingegnieria
Naturalistica. Ministero dell’Ambiente y della Tutela del Territorio, Roma

Fernandes, J.P. e A. Freitas, 2011 - Introdu¢do d Engenharia Natural - Colec¢do Nascentes para a Vida,
EPAL, Lisboa

GRAY, D.H.; Leiser, A.T. (1982) Biotechnical Slope Protection and Erosion Control. Van Nostrand Reinhold
Company, New York

Gray, D. H., Sotir, Robbin B. 1996. Biotechnical and Soil Bioengineering Slope Stabilization: A Practical
Guide for Erosion Control. Wiley-Interscience, ISBN 10: 0471049786 ISBN 13: 9780471049784.

Menegazzi, G., & Palmeri, F. (2013). Il dimensionamento delle opere di Ingegneria
Naturalistica. Direzione Infrastrutture, Ambiente e Politiche Abitative. Regione Lazio.

Norris, J.E.; Stokes, A.; Mickovski, S.B.; Cammeraat, E.; van Beek, R.; Nicoll, B.C.; Achim, A. (Eds.) Slope
Stability and Erosion Control: Ecotechnological Solutions. 2008, VI, 290 p., Hardcover. Springer.

SAULI, G.; Cornelini, R.; Preti, F., (2006) Manuale di Ingegnieria Naturalistica, Sistemazione dei versanti.
Regione Lazio, Roma

Schiechtl, H.M. 1980. Bioengineering for land reclamation and conservation. Univ. of Alberta Press.
Edmonton/Alberta

Schiechtl, H. M., Stern, R. 1996. Ground Bioengineering Techniques: For Slope Protection and Erosion
Control. Wiley-Blackwell, ISBN 10: 0632040610, ISBN 13: 9780632040612.

Studer, R, Zeh, H., De Cesare, G. 2014. Soil bioengineering — construction type manual. vdf
Hochschulverlag AG der ETH Zirich, ISBN: 978-3-7281-3642-8

Transferable skills development:
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Learning skills will be enhanced by use of open-source information and IT skills to research and collate
information for case studies.

Communication skills will be enhanced by requiring the use of appropriate language when writing and

speaking to fulfil assignments and when making presentations in seminars.

Group-work skills will be developed to address case study problems including the taking of initiative and
assuming responsiblity in carrying out agreed tasks.

Assessment methods

Component Duration Weighing in | Threshold Description
(hrs) total module | (min  pass
mark (%) mark, %)
Class test 10 20 50 Project elaboration
Practical 18 40 50 Field characterization
and construction practice
Exam 2 40 50 Unseen exam
Total 30

Module contacts:

Module leader: Prof. Jodo Paulo Fernandes

Module tutor (academic): Prof.Carlos Pinto Gomes, Prof. Anténio Pinho

Module tutor (industry): Mr. Aldo Freitas, Dr. Guillermo Tardio
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Topics for a Handbook — Exemplificative texts sample

2. INTRODUCTION TO SOIL BIOENGINEERING

Soil bioengineering is a discipline that combines technology and biology, making use of plants and plant
communities to help protect land uses and infrastructures, and contribute to landscape development,
particular in the domain of slope stability and erosion control.

Typically, plants and parts of plants are used as living building materials, in such a way that, through
their development in combination with soil and rock, they ensure a significant contribution to the long-term
protection against all forms of erosion. In the initial phase, they often have to be combined with non-
living building materials, which may, in some cases, ensure more or less temporarily, most of the
supporting functions.

2.1 Reinforcing effects of plants in the slopes

When speaking of slope instabilities and domains of intervention of Soil Bioengineering, we are dealing
with two types of phenomena: superficial erosion and slope instabilities.

The reinforcing effects of vegetation regarding the superficial erosion are the following: interception,
restraint, retardation and infiliration. All these processes will be explained in detail in the Module 3
‘Water bioengineering, hydrology and hydraulics’.

The reinforcing effects of vegetating regarding slope mass movements are: soil reinforcement, moisture
extraction, buttressing and arching. All these effects will be explained in this module.
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llustracién 1Slope degradation processes, determinant factors and most effective vegetation

As explained in Module 1 ‘Introduction to Soil and Water Bioengineering’, the main reinforcing functions
of the vegetation are landcover, anchoring, structuring, supporting and, buttressing. All theses reinforcing
effects address the instability processes explained before.
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llustracién 2 Influences of vegetation on the soil

Grass and shrubs are very effective at stopping soil erosion. This is primarily because plant roots tend to
hold soil together, making it harder to erode. The leaves of the plants also help to reduce the velocity of
raindrops falling on the ground, making it harder for them to dislodge the soil and erode it. Ornamental
grass and low, spreading shrubs work best as they leave no areas of bare soil exposed to the elements.

Soils covered by vegetation run less risk of erosion from both water and land movement. The role roots
play in slope stabilization has been recognized for many years, whereas interest in bio-mechanical tests
on roots (of Mediterranean species in particular) has arisen only in more recent years.
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3. SLOPE INSTABILITY

3.1 Mass movements

A landslide, also known as a landslip, is a geological phenomenon that includes a wide range of ground
movements, such as rockfalls, deep failure of slopes and shallow debris flows. Landslides can occur in
offshore, coastal and onshore environments. Although the action of gravity is the primary driving force
for a landslide to occur, there are other contributing factors affecting the original slope stability.
Typically, pre-conditional factors build up specific sub-surface conditions that make the area/slope prone
to failure, whereas the actual landslide often requires a trigger before being released.

3.1.1 Causes of landslides

The causes of landslides are usually related to instabilities in slopes. It is usually possible to identify one
or more landslide causes and one landslide trigger. The difference between these two concepts is subtle
but important. The landslide causes are the reasons that a landslide occurred in that location and at that
time. Landslide causes are listed in the following table, and include geological factors, morphological
factors, physical factors and factors associated with human activity.

Causes may be considered to be factors that made the slope vulnerable to failure, that predispose the
slope to becoming unstable. The trigger is the single event that finally initiated the landslide. Thus, causes
combine to make a slope vulnerable to failure, and the trigger finally initiates the movement. Landslides
can have many causes but can only have one trigger as shown in the next figure. Usually, it is relatively
easy to determine the trigger after the landslide has occurred (although it is generally very difficult to
determine the exact nature of landslide triggers ahead of a movement event).

Geological causes Physical causes
Weathered Materials e.g. heavy rainfall Intense rainfall
Sheared materials Rapid snow melt
Jointed or fissured materials Prolonged precipitation
Adversely orientated discontinuities Rapid drawdown
Permeability contrasts Earthquake
Material contrasts Volcanic eruption
Rainfall and snow fall Thawing
Earthquakes Freeze-thaw
Ground water changes
Morphological causes Soil pore water pressure
Surface runoff
Slope angle Seismic activity
Uplift Soil erosion
Rebound
Fluvial erosion Human causes
Wave erosion
Glacial erosion Excavation
Erosion of lateral margins Loading
Subterranean erosion Draw-down
Slope loading Land use (e.g. construction of roads, houses
Vegetation change etc.)
Erosion Water management
Mining
Quarrying
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Vibration
Water leakage
Deforestation
Land use pattern
Pollution

Although there are multiple types of causes of landslides, the three that cause most of the damaging
landslides around the world are these:

3.1.2 Landslides and Water

Slope saturation by water is a primary cause of landslides. This effect can occur in the form of intense
rainfall, snowmelt, changes in ground-water levels, and water-level changes along coastlines, earth dams,
and the banks of lakes, reservoirs, canals, and rivers.

Land sliding and flooding are closely allied because both are related to precipitation, runoff, and the
saturation of ground by water. In addition, debris flows and mudflows usually occur in small, steep
stream channels and often are mistaken for floods; in fact, these two events often occur simultaneously in
the same area.

Landslides can cause flooding by forming landslide dams that block valleys and stream channels,
allowing large amounts of water to back up. This causes backwater flooding and, if the dam fails,
subsequent downstream flooding. Also, solid landslide debris can “bulk” or add volume and density to
otherwise normal streamflow or cause channel blockages and diversions creating flood conditions or
localized erosion. Landslides can also cause overtopping of reservoirs and/or reduced capacity of
reservoirs to store water.

3.1.3 Landslides and Seismic Activity

Many mountainous areas that are vulnerable to landslides have also experienced at least moderate
rates of earthquake occurrence in recorded times. The occurrence of earthquakes in steep landslide-
prone areas greatly increases the likelihood that landslides will occur, due to ground shaking alone or
shaking-caused dilation of soil materials, which allows rapid infiltration of water. The 1964 Great Alaska
Earthquake caused widespread land sliding and other ground failure, which caused most of the monetary
loss due to the earthquake. Other areas of the United States, such as California and the Puget Sound
region in Washington, have experienced slides, lateral spreading, and other types of ground failure due
to moderate to large earthquakes. Widespread rock falls also are caused by loosening of rocks as a
result of ground shaking. Worldwide, landslides caused by earthquakes kill people and damage
structures at higher rates than in the United States.

3.1.4 Landslides and Volcanic Activity

Landslides due to volcanic activity are some of the most devastating types. Volcanic lava may melt snow
at a rapid rate, causing a deluge of rock, soil, ash, and water that accelerates rapidly on the steep
slopes of volcanoes, devastating anything in its path. These volcanic debris flows (also known as lahars)
reach great distances, once they leave the flanks of the volcano, and can damage structures in flat areas
surrounding the volcanoes. The 1980 eruption of Mount St. Helens, in Washington triggered a massive
landslide on the north flank of the volcano, the largest landslide in recorded times.

3.1.5 Types of landslides

Debris flow
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llustracién 3 Debris flow channel

Debris flow channel with deposits left after 2010 storms in Ladakh,NW Indian Himalaya.

Slope material that becomes saturated with water may develop into a debris flow or mud flow. The
resulting slurry of rock and mud may pick up trees, houses and cars, thus blocking bridges and tributaries
causing flooding along its path.Debris flow is often mistaken for flash flood, but they are entirely
different processes.

Muddy-debris flows in alpine areas cause severe damage to structures and infrastructure and often
claim human lives. Muddy-debris flows can start as a result of slope-related factors and shallow
landslides can dam stream beds, resulting in temporary water blockage. As the impoundments fail, a
“domino effect” may be created, with a remarkable growth in the volume of the flowing mass, which
takes up the debris in the stream channel. The solid-liquid mixture can reach densities of up to 2 tons/m3
and velocities of up to 14 m/s. These processes normally cause the first severe road interruptions, due not
only to deposits accumulated on the road (from several cubic metres to hundreds of cubic metres), but in
some cases to the complete removal of bridges or roadways or railways crossing the stream channel.
Damage usually derives from a common underestimation of mud-debris flows: in the alpine valleys, for
example, bridges are frequently destroyed by the impact force of the flow because their span is usually
calculated only for a water discharge. For a small basin in the Italian Alps (area = 1.76 km?) affected
by a debris flow, a peak discharge of 750 m3/s for a section located in the middle stretch of the main
channelwas estimated. At the same cross section, the maximum foreseeable water discharge (by HEC-1),
was 19 m3/s, a value about 40 times lower than that calculated for the debris flow that occurred.

Earthflows

Earthflows are downslope, viscous flows of saturated, fine-grained materials, which move at any speed
from slow to fast. Typically, they can move at speeds from 0.17 to 20 km/h (0.1 to 12.4 mph). Though
these are a lot like mudflows, overall they are slower moving and are covered with solid material
carried along by flow from within. They are different from fluid flows because they are more rapid.
Clay, fine sand and silt, and fine-grained, pyroclastic material are all susceptible to earthflows. The
velocity of the earthflow is all dependent on how much water content is in the flow itself: if there is more
water content in the flow, the higher the velocity will be.
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llustracién 4 Earthflows

These flows usually begin when the pore pressures in a fine-grained mass increase until enough of the
weight of the material is supported by pore water to significantly decrease the internal shearing strength
of the material. This thereby creates a bulging lobe which advances with a slow, rolling motion. As these
lobes spread out, drainage of the mass increases and the margins dry out, thereby lowering the overall
velocity of the flow. This process causes the flow to thicken. The bulbous variety of earthflows are not that
spectacular, but they are much more common than their rapid counterparts. They develop a sag at their
heads and are usually derived from the slumping at the source.

Earthflows occur much more during periods of high precipitation, which saturates the ground and adds
water to the slope content. Fissures develop during the movement of clay-like material which creates the
intrusion of water into the earthflows. Water then increases the pore-water pressure and reduces the
shearing strength of the material.

Debris landslide

A debris slide is a type of slide characterized by the chaotic movement of rocks soil and debris mixed
with water or ice (or both). They are usually triggered by the saturation of thickly vegetated slopes which
results in an incoherent mixture of broken timber, smaller vegetation and other debris. Debris avalanches
differ from debris slides because their movement is much more rapid. This is usually a result of lower
cohesion or higher water content and commonly steeper slopes.

Steep coastal cliffs can be caused by catastrophic debris avalanches. These have been common on the
submerged flanks of ocean island volcanos such as the Hawaiian Islands and the Cape Verde Islands.
Another slip of this type was Storegga landslide.

Movement: Debris slides generally start with big rocks that start at the top of the slide and begin to
break apart as they slide towards the bottom. This is much slower than a debris avalanche. Debris
avalanches are very fast and the entire mass seems to liquefy as it slides down the slope. This is caused
by a combination of saturated material, and steep slopes. As the debris moves down the slope it
generally follows stream channels leaving a v-shaped scar as it moves down the hill. This differs from the
more U-shaped scar of a slump. Debris avalanches can also travel well past the foot of the slope due to
their tremendous speed.

Sturzstrom

A sturzstrom is a rare, poorly understood type of landslide, typically with a long run-out. Often very
large, these slides are unusually mobile, flowing very far over a low angle, flat, or even slightly uphill
terrain.

Shallow landslide

15-101


http://www.geologypage.com/wp-content/uploads/2015/04/earthflow.jpg

F C n N F D SPECIALISATION PROCESS FOR THE ECOENGINEERING SECTOR IN THE

MEDITERRANEAN ENVIRONMENT

Soft clay with
water-bearing silt
and sand layers

(7

llustracién 5 Lateral Spreads

Landslide in which the sliding surface is located within the soil mantle or weathered bedrock (typically to
a depth from few decimetres to some metres)is called a shallow landslide. They usually include debris
slides, debris flow, and failures of road cut-slopes. Landslides occurring as single large blocks of rock
moving slowly down slope are sometimes called block glides.

Shallow landslides can often happen in areas that have slopes with high permeable soils on top of low
permeable bottom soils. The low permeable, bottom soils trap the water in the shallower, high
permeable soils creating high water pressure in the top soils. As the top soils are filled with water and
become heavy, slopes can become very unstable and slide over the low permeable bottom soils. Say
there is a slope with silt and sand as its top soil and bedrock as its bottom soil. During an intense
rainstorm, the bedrock will keep the rain trapped in the top soils of silt and sand. As the topsoil becomes
saturated and heavy, it can start to slide over the bedrock and become a shallow landslide. R. H.
Campbell did a study on shallow landslides on Santa Cruz Island California. He notes that if
permeability decreases with depth, a perched water table may develop in soils at intense precipitation.
When pore water pressures are sufficient to reduce effective normal stress to a critical level, failure
occurs.

Deep-seated landslide

llustracién 6 Deep-seated landslide

Deep-seated landslide on a mountain in Sehara, KihO, Japan caused by torrential rain of Tropical Storm
Talas

Landslides in which the sliding surface is mostly deeply located below the maximum rooting depth of
trees (typically to depths greater than ten meters). Deep-seated landslides usually involve deep regolith,
weathered rock, and/or bedrock and include large slope failure associated with translational, rotational,
or complex movement. This type of landslides are potentially occur in an tectonic active region like
Zagros Mountain in Iran. These typically move slowly, only several meters per year, but occasionally
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move faster. They tend to be larger than shallow landslides and form along a plane of weakness such as
a fault or bedding plane. They can be visually identified by concave scarps at the top and steep areas

at the toe.
Types and classification

The following table shows a schematic landslide classification (USGS)

Tabla 1schematic landslide classification (USGS)

EYPE OF MATERIAL

TYPE OF MOVENMEN ENGINEERING SOILS
IYPEOFMOVEMENT BEDROCK
Predominuntly conrse Predominantly fine
FALLS Rock fall Debris fall Earth fall
TOPPLES Rock topplk Debns topple Earth topple

ROTATTONAL

|
1
|
|
|
SLIDES Rock shde Dobas shide | Earth shde
|
|
t
|
t
|

TRANSLATIONAL
LATERAL SPREADS Rack spread [Xebns specad Earth spread
Rock Mo Debns Mo Earth flos:
FLOWS
(deep creep) (sail creep)
COMPLEX Combination of tao or more pancipal types of movement
Read more : http: //www.geologypage.com/2015 /04 /landslide.html#ixzz5FZLOCz20

Follow us: @geologypage on Twitter | geologypage on Facebook

3.2 Soil erosion

Note: this topic will be covered in more detail in the Module 3 ‘Water bioengineering, hydrology and
hydraulics’

Soil erosion is a continuing long term problem. Erosion involves the detachment, transport and deposition
of soil particles and aggregates. Sediment yield is defined as the total amount of eroded material to be
delivered from its source to a downstream control point. Thus, sediment yield rates are directly
dependent upon both soil loss rates and the transport efficiency of surface runoff and channel flow.

Natural processes such as the production of soil occur at an alarmingly slower rate than soil can be lost. It
is estimated that over 3 billion metric tons of soil are eroded off of our fields and pastures each year by
water erosion alone. The main variables affecting water erosion are precipitation and surface runoff.
Raindrops, the most common form of precipitation, can be very destructive when they strike bare soil.
With impacts of over 20 mph, raindrops splash grains of soil into the air and wash out seeds. Overland
flow, or surface runoff, then carries away the detached soil, and may detach additional soils and then
sediment which can be deposited elsewhere.

Sheet and interrill erosion are mainly caused by rainfall. However, some of the more severe erosion
problems such as rill erosion, channel erosion, and gully erosion all result from concentrated overland
flow. Other types of erosion by water include landslides.
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Soil erosion is, at its core, a natural process. Put simply, it is when topsoil, which is the upper-most layer of

the ground, is moved from one spot to another. Why this matters is because topsoil is the part of the land
that is highest in organic matter and best suited for farming and other fertile activities, which is why soil
erosion can have the greatest impact on farmers and agricultural land. In other words, soil erosion is a
naturally occurring and slow process that refers to loss of field’s top soil by water and wind or through
conversion of natural vegetation to agricultural land.

When farming activities are carried out, the top soil is exposed and is often blown away by wind or
washed away by rain. When soil erosion occurs, the movement of the detached topsoil is typically
facilitated by either a natural process — such as wind or water movement — or by the impact of man, such
as through tilling farmland.

The process of soil erosion is made up of three parts:
o Detachment: This is when the topsoil is actually “detached” from the rest of the ground.
e Movement: This is when the topsoil is relocated to another area.
e Deposition: Where the topsoil ends up after this process.

When it comes to our planet, natural resources are typically affected by two things — either naturally-
occurring ones such as weather, or from man-made influence. Soil erosion, or the gradual reduction of
topsoil in a geographic area, can be caused by both natural and unnatural processes, but it can also
have great effects on inhabitants of an affected area. One of the major concerns regarding soil
erosion is that it can permanently affect the land, which can be devastating for farmers or those with
agricultural pursuits.

3.2.1 Causes of Soil Erosion

As mentioned, the predominant causes of soil erosion are either related to naturally-occurring events or
influenced by the presence of human activity. Some of the principal causes of soil erosion include:

e Rain and rainwater runoff: In a particular heavy rain, soil erosion is common. First of all, the
water starts to break down the soil, dispersing the materials it is made of. Typically,
rainwater runoff will impact lighter materials like silt, organic matter, and finer sand
particles, but in heavy rainfall, this can also include the larger material components as well.

e  Farming: When land is worked through crops or other agricultural processes, it reduces the
overall structure of the soil, in addition to reducing the levels of organic matter, making it
more susceptible to the effects of rain and water. Tilling in particular, because it often breaks
up and softens the structure of soil, can be a major contributor to erosion. Farming practices
that reduce this activity tend to have far less issues with soil erosion.

o Slope of the land: The physical characteristics of the land can also contribute to soil erosion.
For example, land with a high hill slope will perpetuate the process of rainwater or runoff
saturation in the areaq, particularly due to the faster movement of the water down a slope.

e Lack of vegetation: Plants and crops help maintain the structure of soils, reducing the amount
of soil erosion. Areas with less naturally-occurring flora may be a hint that the soil is prone to

erosion.

e Wind: Wind can be a major factor in reducing soil quality and promotion erosion,
particularly if the soil’s structure has already been loosened up. However, lighter winds will
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typically not cause too much damage, if any. The most susceptible soil to this type of erosion

is sandy or lighter soil that can easily be transported through the air.

3.2.2 Effects of Soil Erosion

A major problem with soil erosion is that there is no telling how quickly or slowly it will occur. If largely
impacted by ongoing weather or climate events, it may be a slow-developing process that is never even
noticed. However, a severe weather occurrence or other experience can contribute to rapid-moving
erosion, which can cause great harm to the area and its inhabitants.
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4. FACTORS CONTRIBUTING TO EROSION AND SLOPE INSTABILITY

4.1 Factors that affect erosion risk

4.1.1 Introduction to Water Erosion Risk

The assessment of relative risk of erosion to bare soil involves consideration of slope class erodibility.
Previous vegetative covers are not taken into consideration for water erosion risk analysis. Also, it is not
important whether the land was cleared from its vegetative cover for residential or agricultural purposes.

The important factors affecting water erosion risks are:
i. Slope class
ii. Soil erodibility; and
iii. Soil resistance to detachment.

Erosion gets increase with increase in slope gradient. The shape of slope also affects the rate of soil loss
to some extent.

The soil erodibility is a complex type of land property affecting the erosion potential. There is very large
difference between soils regarding their susceptibility to water erosion. These differences may be in
terms of resistance to detachment of soil particles, e.g., structural breakdown due to raindrop impact or
sheet of water flow and the infiltration characteristics, which allow absorbing the rainwater as it falls on
the ground surface; and thus limiting the runoff. In this way, the soil erodibility reflects two subsidiary
qualities; they are the soil resistance to detachment and rainfall acceptance.

The resistance of soil to detachment or breakdown largely depends on the texture, structure and
dispersability. The soil texture affects the soil resistance, surface structure and aggregate stability, is an
important parameter. The other factors which affect the resistance to detachment or breakdown, are the
surface gravel and stone cover, soil surface condition and surface structure.

Assessment of Water Erosion Risk:

For land capability studies the assessment of water erosion risk to bare soil is very important
requirement. The water erosion risk is defined as the intrinsic susceptibility of land to water erosion. The
climate, landform and soil factors decide it. The land use and land management factors are not
considered for this purpose.

The erosion risk denotes to an intrinsic quality of the land, whereas hazard refers to the combination of
risk and land use/management factors. Water erosion is the process, in which the soil particles are
detached and transported from one point to another on the land surface by the action of rainfall, runoff,
seepage and/or ice. The splash, sheet, rill, gully, stream bank and tunnel erosions are the common forms
of water erosion.

The most satisfactory method for assessing the erosion hazard is the soil loss predicting models, derived
by taking into account the effects of climate, soil erodibility, slope, slope length, vegetative cover and
soil conservation practices. Amongst all the USLE, i.e. Universal Soil Loss Equation is considered to be very
useful empirical model for this purpose. The USLE predicts the rate of soil loss on the basis of several
factors (R, K, LS, C and P), simply by multiplying them together.

The slope class and soil erodibility are the parameters, mainly considered for assessment of relative risk
of soil erosion to bare soil.
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The slope classes and soil erodibility parameters are outlined as under:

- Slope Class:
- Soil Erodibility

The water erosion risk can be determined on the basis of slope class and soil erodibility rating. The soil
erodibility rating is determined based on the soil resistance to detachment, and runoff producing factors,
i.e., the rainfall acceptance, which can be obtained by using the land resource survey data or land
characteristics.

All the preceding topics, concepts and the erosion risk assessment procedures will be explained in detail
in the Module 3 ‘Water bioengineering, hydrology and hydraulics’.

4.2 Factors Influencing Landslide Risk

4.2.1 Slope Characteristics

Height: The height of a slope can generally indicate landslide risk. While sediment strength depends on
several factors, the thicker the sediment deposit, the more likely its weight will cause subsurface movement or
slippage that leads to a landslide. The risk of a landslide increases when mud slopes have a height of twenty
feet or more. In general, the higher the exposed slope face the greater the risk of a landslide.

Sediment type: Earth material that makes up a slope influences the risk of a landslide occurring. Clay and silt
(muddy) sediment are the most unstable materials that can make up a slope. These fine-grained sediments are
weak and prone to moving in the form of slow-motion creep, moderate-sized slumping, or large landslides.
Sand and gravel deposits tend to be stronger and better drained than muddy sediment. Landslides can occur
in coarse-grained slopes although they are less frequent than muddy landslides.

Slope: The angle of a slope face varies due to factors such as the sediment type and rate of erosion at the
slope base. Slope is also affected by the history of slumps and landslides at the site. Some slopes are
uniformly straight while others are terraced or uneven due to earth movements. In general, the steeper the
slope, the easier it is for gravity to initiate a landslide.

Vegetation: Types, shapes, and distribution of vegetation above and on a slope face can be used as an
indication of site stability. In areas where the soil has shifted, either due to previous landslides or to gradual
surface creep, many tree trunks can become tilted or twisted in the same direction. Curved tree trunks near the
roots often indicate land movement down the face of a bluff. Large trees on the bluff face may be moved by
wind and resulting root motion may loosen slope sediment. Natural vegetation that consists only of small shrubs
and trees may indicate recent slope erosion or a landslide.

Bedrock: Crystalline rock or ledge is much more stable than any sediment slope or cliff and not likely to erode
or slide. The elevation of bedrock is important in determining landslide risk. Bedrock exposures may slow
erosion and make sediment less susceptible to land sliding. Beneath a sediment slope, bedrock may rise
toward the surface and reduce the overall thickness of sediment and thus reduce the risk of deep-seated
movement below the ground surface.

4.2.2 Natural Conditions

Waves, tides, and sea level: Several marine processes affect the risk of landslides along a coastal slope. A
gradual, but ongoing rise in sea level at a rate of about an inch per decade is causing chronic erosion along
the base of many slopes. As sea level rises, wave action and coastal flooding can reach higher and farther
inland and scour more sediment from a bluff. Sea ice erodes tidal flats and the base of bluffs by abrasion
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and freezing sediment in ice blocks. Erosion can increase the slope declivityand make it more susceptible to

land sliding. Tides are also important in washing away eroded sediment which helps wave action move inland.
Storms that create wind, waves, and flooding can cause more extreme erosion at the base of a slope or a
cliff, increase the slope declivity, and make a landslide more likely.

Surface water: The amount, type, and location of surface water can influence slope stability and may
contribute to some landslides. Wetlands, ponds, and streams above the slope can supply water to the slope
face and also to the ground water. The elevation or topography of the land surface determines which way
surface water will flow. Water that runs over the face of a slope can wash sediment, increase the declivity,
and weaken the remaining sediment holding up the slope.

Ground water: Ground water comes from surface sources, such as rain or a stream, uphill in the local
watershed. Ground water tends to flow horizontally beneath the surface and may seep out the face of a
slope or cliff. Seeps and springs on the slope face contribute to surface water flow and destabilize the
surface. In addition, a high water table can saturate and weaken sediment and make the material more prone
to slope failure.

Weathering: Weathering in clay and silt but also in consolidated rocks can change the strength and stability.
Drying of clay can increase resistance to sliding. The seasonal cycle of freezing and thawing of the slope face
can lead to slumping after a thaw.

Earthquakes: Landslides can be triggered by earthquakes. Ground vibration loosens sediment enough to
reduce the strength of material supporting a slope and a landslide results.

4.2.3 Human Activity

Land use: Human activity and land use may contribute to or reduce the risk of a landslide. Actions that
increase surface water flow to the slope surface, watering lawns or grading slopes, add to natural processes
destabilizing it. Surface water, collected by roofs, driveways, paths, and lawns flows toward and down the
slope surface causing erosion and, through infiltration, loss of cohesion. Walkways down the face of a slope
can lead to greater erosion from foot traffic or the concentration of surface water flow. Both surface and
ground water above a slope can be supplied by pipes, culverts, surface drains, and septic systems. Increased
water below ground can weaken the cohesion of the material and contribute to internal weakness that leads
to a landslide. Greater seepage of water out of the slope face (piping) can also increase the risk.

Clearing of vegetation from the slope face can lead to greater erosion resulting in a steeper surface that is
more prone to landslide. Vegetation tends to remove ground water, strengthen soil with roots, and lessen the
impact of heavy rain on the surface.

Adding weight to the top of a slope can increase the risk of a landslide. Buildings, landscaping, or fill on the
top of the slope can increase the forces that result in a landslide. Saturating the ground with water that raises
the water table also adds weight. Even ground vibration, such as well drilling or deep excavation, may locally
increase the risk of a landslide.

In general, human activities that increase the amount or rate of natural processes may, in various ways,
contribute fo landslide risk.

4.3 Understanding the factors that Influence Slope Stability

4.3.1 Gravity

The main force responsible for mass movement is gravity. Gravity is the force that acts everywhere on
the Earth's surface, pulling everything in a direction toward the center of the Earth. On a flat surface the
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force of gravity acts downward. So long as the material remains on the flat surface it will not move
under the force of gravity.

9

Of course if the material forming the flat surface becomes weak or fails, then the unsupported mass will
move downward.

On a slope, the force of gravity can be resolved into two components: a component acting perpendicular
to the slope and a component acting tangential to the slope.

o The perpendicular component of gravity, gs, helps to hold the object in place on the slope. The
tangential component of gravity, gi, causes a shear stress parallel to the slope that pulls the
object in the down-slope direction parallel to the slope.

e On a steeper slope, the shear stress or tangential component of gravity, gi increases, and the
perpendicular component of gravity, g, decreases.

e The forces resisting movement down the slope are grouped under the term shear strength,
which includes frictional resistance and cohesion among the particles that make up the object.

e  When the sheer stress becomes greater than the combination of forces holding the object on the
slope, the object will move down-slope.

o Alternatively, if the object consists of a collection of materials like soil, clay, sand, etc., if the
shear stress becomes greater than the cohesional forces holding the particles together, the
particles will separate and move or flow down-slope.

Thus, down-slope movement is favoured by steeper slope angles which increase the shear stress, and
anything that reduces the shear strength, such as lowering the cohesion among the particles or lowering
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the frictional resistance. This is often expressed as the safety factor, Fs, the ratio of shear strength to

shear stress.

4.3.2 F; = Shear Strength/Shear Stress

Shear strength consists of the forces holding the material on the slope and could include friction, and the
cohesional forces that hold the rock or soil together. If the safety factor (FOS) becomes less than 1.0,
slope failure is expected.

ros < C +cos? (:z[ys (dp —d, )+ (7, - y;,)dw]tango

d,y,sinacosa

where c is the cohesion, O is the slope angle, Ys and yw are the specific weights of soil and water, dp is
the thickness of soil above the failure plane, dw is the thickness of saturated soil above the failure plane,
and @ is the angle of internal friction

https://youtu.be /xg-Gw 1NrkX8

https://youtu.be /bR-z7ZmG344w

4.3.3 The Role of Water

Although water is not always directly involved as the transporting medium in mass movement processes, it
does play an important role.

Water becomes important for several reasons

Addition of water from rainfall or snow melt adds weight to the slope. Water can seep into the soil or
rock and replace the air in the pore space or fractures. Since water is heavier than air, this increases the
weight of the soil. Weight is force, and force is stress divided by areaq, so the stress increases and this
can lead to slope instability.

Water has the ability to change the angle of repose (the slope angle which is the stable angle for the

slope).

Dry unconsolidated grains will form a pile with a slope angle determined by the angle of repose. The
angle of repose is the steepest angle at which a pile of unconsolidated grains remains stable, and is
controlled by the frictional contact between the grains. In general, for dry materials the angle of repose
increases with increasing grain size, but usually lies between about 30 and 45 °.
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Angle of Repose

Grain to Grain frictional contact

Slightly wet unconsolidated materials exhibit a very high angle of repose because surface tension
between the water and the solid grains tends to hold the grains in place.

Wet Sand

Angle of
Repose

Surface tension of thin film of
water holds grains together

When the material becomes saturated with water, the angle of repose is reduced to very small values
and the material tends to flow like a fluid. This is because the water gets between the grains and
eliminates grain to grain frictional contact.

Water Saturated Sand

Water completely surrounds
all grains and eliminate s all
grain to grain contact.

Water can be adsorbed or absorbed by minerals in the soil. Adsorption, causes the electronically polar
water molecule to attach itself to the surface of the minerals. Absorption causes the minerals to take the
water molecules into their structure. By adding water in this fashion, the weight of the soil or rock is
increased. Furthermore, if adsorption occurs then the surface frictional contact between mineral grains
could be lost resulting in a loss of cohesion, thus reducing the strength of the soil.
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Unexpanded Clay
o) Expanded Clay

(wet)

In general, wet clays have lower strength than dry clays, and thus adsorption of water leads to reduced
strength of clay-rich soils.

Water can dissolve the mineral cements that hold grains together. If the cement is made of calcite,
gypsum, or halite, all of which are very soluble in water, water entering the soil can dissolve this cement
and thus reduce the cohesion between the mineral grains.

Liquefaction - As we have already discussed, liquefaction occurs when loose sediment becomes
oversaturated with water and individual grains loose grain to grain contact with one another as water
gets between them.

This can occur as a result of ground shaking, as we discussed during our exploration of earthquakes, or
can occur as water is added as a result of heavy rainfall or melting of ice or snow. It can also occur
gradually by slow infiltration of water into loose sediments and soils.

Water-Saturated Sediment Liquefaction

Waterfills in the pore space Water completely surrounds
hetween grains. Friction all grains and eliminates all
between grains holds sediment grain to grain contact, Sediment
together. flows like a fluid.

The amount of water necessary to transform the sediment or soil from a solid mass into a liquid mass
varies with the type of material. Clay bearing sediments in general require more water because water is
first absorbed onto the clay minerals, making them even more solid-like, then further water is needed to
lift the individual grains away from each other.

Groundwater exists nearly everywhere beneath the surface of the earth. It is water that fills the pore
spaces between grains in rock or soil or fills fractures in the rock. The water table is the surface that
separates the saturated zone below, wherein all pore space is filled with water from the unsaturated
zone above. Changes in the level of the water table occur due changes in rainfall. The water table
tends to rise during wet seasons when more water infiltrates into the system, and falls during dry seasons
when less water infiltrates. Such changes in the level of the water table can have effects on the factors
(1 through 5) discussed above.
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Unsaturated

Zone Surface
Wet Season Streams
Water Table

Well

Saturated Zone

Dry Season
Water Table

Another aspect of water that affects slope stability is fluid pressure. As soil and rock get buried deeper
in the earth, the grains can rearrange themselves to form a more compact structure, but the pore water is
constrained to occupy the same space. This can increase the fluid pressure to a point where the water
ends up supporting the weight of the overlying rock mass. When this occurs, friction is reduced, and thus
the shear strength holding the material on the slope is also reduced, resulting in slope failure.

4.3.4 Troublesome Earth Materials

Expansive and Hydrocompacting Soils - These are soils that contain a high proportion of a type of clay
mineral called smectites or montmorillinites. Such clay minerals expand when they become wet as water
enters the crystal structure and increases the volume of the mineral. When such clays dry out, the loss of
water causes the volume to decrease and the clays to shrink or compact (This process is referred to as
hydrocompaction).

Unexpanded Clay
o) Expanded Clay

(Wet)

Another material that shows similar swelling and compaction as a result of addition or removal of water
is peat. Peat is organic-rich material accumulated in the bottoms of swamps as decaying vegetable
matter.

Sensitive Soils - In some soils the clay minerals are arranged in random fashion, with much pore space
between the individual grains. This is often referred to as a "house of cards" structure. Often the grains
are held in this position by salts (such as gypsum, calcite, or halite) precipitated in the pore space that
"glue" the particles together.

As water infiltrates into the pore spaces, as discussed above, it can both be absorbed onto the clay
minerals, and can dissolve away the salts holding the "house of cards" together.
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Clay Minerals

After Dissolution of Salts

House of Cards Structure & Compaction
(held together by salts)

Compaction of the soil or shaking of the soil can thus cause a rapid change in the structure of the
material. The clay minerals will then line up with one another and the open space will be reduced.

But this may cause a loss in shear strength of the soil and result in slippage down slope or
liquefaction. This is referred to as remolding. Clays that are subject to remolding are called quick clays.

Some clays, called thixotropic clays, when left undisturbed can strengthen, but when disturbed they lose
their shear strength. Thus, small earthquakes or vibrations caused by humans or the wind can suddenly
cause a loss of strength in such materials.

4.3.5 Weak Materials and Structures

Bedding Planes - These are basically planar layers of rocks upon which original deposition
occurred. Since they are planar and since they may have a dip down-slope, they can form surfaces
upon which sliding occurs, particularly if water can enter along the bedding plane to reduce cohesion. In
the diagram below, note how the slope above the road on the left is inherently less stable than the slope
above the road on the right.

Sandstone Fractures

Montmorillinite Clay

Highway

Weak Layers - Some rocks are stronger than others. In particular, clay minerals generally tend to have
a low shear strength. If a weak rock or soil occurs between stronger rocks or soils, the weak layer will be
the most likely place for failure to occur, especially if the layer dips in a down-slope direction as in the
illustration above. Similarly, loose unconsolidated sand has no cohesive strength. A layer of such sand
then becomes a weak layer in the slope.

Joints & Fractures - Joints are regularly spaced fractures or cracks in rocks that show no offset across the
fracture (fractures that show an offset are called faults).

Joints form as a result of expansion due to cooling, or relief of pressure as overlying rocks are removed
by erosion.
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Joints form free space in rock by which water, animals, or plants can enter to reduce the cohesion of the
rock.

If the joints are parallel to the slope they may become a sliding surface. Combined with joints running
perpendicular to the slope (as seen in the sandstone body in the illustration above), the joint pattern
results in fractures along which blocks can become loosened to slide down-slope.

Foliation Planes - During metamorphism of rock, differential stress causes sheet silicate minerals, like clay
minerals, biotite, and muscovite, to grow with their sheets parallel to one one another. This results in the
rock having a foliation or schistosity. Because the sheet silicates can break easily parallel to their sheet
structure, the foliation or schistosity may become a slip surface, particularly if it it dips in the down-slope
direction.

Foliation

(Schistosity) Quartz & Feldspar

] Alignment
of Sheet Silicates

In summary, the main factors affecting slope stability are:

e Strength of soil and rock.

e Type of soil and stratification.

e Discontinuities and planes of weakness.

e Groundwater table and seepage through the slope.
e External loading.

e Geometry of the slope.

4.4 Triggering Events

A mass movement event can occur any time a slope becomes unstable. Sometimes, as in the case of creep
or solifluction, the slope is unstable all of the time and the process is continuous. But other times, triggering
events can occur that cause a sudden instability to occur. Here we discuss major triggering events, but it
should be noted that it if a slope is very close to instability, only a minor event may be necessary to
cause a failure and disaster. This may be something as simple as an ant removing the single grain of
sand that holds the slope in place.

4.4.1 Shocks

A sudden shock, such as an earthquake may trigger slope instability. Minor shocks like heavy tfrucks
rambling down the road, trees blowing in the wind, or human made explosions can also trigger mass
movement events.
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4.4.2 Charges upon the top of the slope

Changing the charges on the top of the slope (constructions, deposits, etc.) increases the acting gravity
forces on the slope determining higher stress on the resistance forces.

4.4.3 Change of the slope internal water balance

Changing the drainage, increasing infiltration or quick changing the groundwater level determines
changes in the slope material cohesion and derived shear strength.

4.4.4 Slope Modification

Modification of a slope either by humans or by natural causes can result in changing the slope angle so
that it is no longer at the angle of repose. A mass movement event can then restore the slope to its angle
of repose.

Restored stable slope

Madified Slope Slide, slump,

or flow depaosits

Qriginal Slope

Angle of
Repose

4.4.5 Undercutting

Streams eroding their banks or surf action along a coast can undercut a slope making it unstable.

Slide, slump,
or flow depaosits

Undercut cliff ;
or stream bank

. |

Undercutting is particularly important when building infrastructures demand more space and therefore it
is necessary to remove the base of adjoining slopes. The inadequate consolidation of these cuts is one of
the main man made causes of slope faillure.

4.4.6 Fracture systems

Fracture systems in the rocks run parallel to the bedding planes and perpendicular to bedding
planes. The latter fractures had formed as a result of glacial erosion which had relieved pressure on the
rocks that had formed deeper in the Earth.

4.4.7 Volcanic Eruptions

Produce shocks like explosions and earthquakes. They can also cause snow to melt or empty crater lakes,
rapidly releasing large amounts of water that can be mixed with regolith to reduce grain to grain
contact and result in debris flows, mudflows, and landslides.
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4.4.8 Changes in Slope Strength

Anything that acts to suddenly or gradually change the slope strength can also be a triggering
mechanism. For example, Weathering creates weaker material, and thus leads to slope failure.

4.4.9 Changes on the vegetation cover

Vegetation holds soil in place and slows the influx of water. Trees put down roots that hold the ground
together and strengthen the slope.Removal of trees and vegetation either by humans or by a forest fire,
often results in slope failures in the next rainy season.

In summary, the main causes of slope failure are:

e Erosion.

e Rainfall.

e Earthquakes.

e Geological factors.

e External loading.

e  Construction activities such as excavation of slopes and filling of slopes.
e Rapid drawdown™.

e Increment of pore water pressure.

e The change in topography

e Change of drainage and infiltration

*Drawdown : a lowering of water level.

4.5 Assessing and Mitigating Mass Movement Hazards

As we have seen mass movement vents can be extremely hazardous and result in extensive loss of life
and property. But, in most cases, areas that are prone to such hazards can be recognized with some
geologic knowledge, slopes can be stabilized or avoided, and warning systems can be put in place that
can minimize such hazards.

4.5.1 Hazard Assessment

If we look at the case histories of mass movement disasters discussed above, in all cases looking at the
event in hindsight shows us that conditions were present that should have told us that a hazardous
condition existed prior to the event.

Because there is usually evidence in the form of distinctive deposits and geologic structures left by recent
mass movement events, it is possible, if resources are available, to construct maps of all areas prone to
possible mass movement hazards.

Planners can use such hazards maps to make decisions about land use policies in such areas or, as will be
discussed below, steps can be taken to stabilize slopes to attempt to prevent a disaster.

4.5.2 Prediction

Short-term prediction of mass movement events is somewhat more problematical. For earthquake
triggered events, the same problems that are inherent in earthquake prediction are present. Slope
destabilization and undercutting triggered events require the constant attention of those undertaking or
observing the slopes, many of whom are not educated in the problems inherent in such processes. Mass
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movement hazards from volcanic eruptions can be predicted with the same degree of certainty that

volcanic eruptions can be predicted, but again, the threat has to be realized and warnings need to be
heeded. Hydrologic conditions such as heavy precipitation can be forecast with some certainty, and
warnings can be issued to areas that might be susceptible to mass movement processes caused by such
conditions. Still, it is difficult of know exactly which hill slope of the millions that exist will be vulnerable to
an event triggered by heavy rainfall.
Some warning signs can be recognized individual by observations of things around you:

e Springs, seeps, or saturated ground in areas that have not typically been wet before.

e New cracks or unusual bulges in the ground, street pavements or sidewalks.

e Soil moving away from foundations.

e Ancillary structures such as decks and patios tilting and/or moving relative to the main house.

e Tilting or cracking of concrete floors and foundations.

e Broken water lines and other underground utilities.

e Leaning telephone poles, trees, retaining walls or fences

e Offset fence lines.

e  Sunken or down-dropped road beds.

e Rapid increase in creek water levels, possibly accompanied by increased turbidity (soil content).

e Sudden decrease in creek water levels though rain is still falling or just recently stopped.

e Sticking doors and windows, and visible open spaces indicating jambs and frames out of plumb.

e A faint rumbling sound that increases in volume is noticeable as the landslide nears.

e Unusual sounds, such as trees cracking or boulders knocking together, might indicate moving
debris.

4.5.3 Prevention and Mitigation

All slopes are susceptible to mass movement hazards if a triggering event occurs. Thus, all slopes should
be assessed for potential mass movement hazards. Mass movement events can sometimes be avoided by
employing engineering techniques to make the slope more stable. Among them are:

® Retaining
e Covering
® Draining
e Reshaping
Some slopes, however, cannot be stabilized. In these cases, humans should avoid these areas or

use them for purposes that will not increase susceptibility of lives or property to mass movement
hazards.
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5. MODELATION OF EROSION AND SLOPE STABILITY

5.1 Soil erosion

The USLE, developed by ARS scientists W. Wischmeier and D. Smith, has been the most widely accepted
and utilized soil loss equation.

The USLE (Universal Soil Loss Equation) for estimating average annual soil erosion is:
A = RKLSCP
e A = average annual soil loss (mass per unit of area)
¢ R = rainfall erosivity index
e K = soil erodibility factor
e LS = topographic factor - L is for slope length & S is for slope
e C = cropping factor
e P = conservation practice factor
Evaluating the factors in USLE:
R - the rainfall erosivity index

Most appropriately called the erosivity index, it is a statistic calculated from the annual summation of
rainfall energy in every storm (correlates with raindrop size) times its maximum 30 - minute intensity. As
expected, it varies geographically.

K - the soil erodibility factor

This factor quantifies the cohesive, or bonding character of a soil type and its resistance to dislodging
and transport due to raindrop impact and overland flow.

LS - the topographic factor

Steeper slopes produce higher overland flow velocities. Longer slopes accumulate runoff from larger
areas and also result in higher flow velocities. Thus, both result in increased erosion potential, but in a non
- linear manner. For convenience L and S are frequently lumped into a single term.

C - the crop management factor

This factor is the ratio of soil loss from land cropped under specified conditions to corresponding loss
under tilled, continuous fallow conditions. The most computationally complicated of USLE factors, it
incorporates effects of: tillage management (dates and types), crops, seasonal erosivity index
distribution, cropping history (rotation), and crop yield level (organic matter production potential).

P - the conservation practice factor

Practices included in this term are contouring, strip cropping (alternate crops on a given slope established
on the contour), and terracing.

This method along with other procedures will be explained in detail in the Module 3 ‘Water
bioengineering, hydrology and hydraulics’

https: //youtu.be /yM3tlybbhRc
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5.2 Mass movements, Landslides

The SLIP4EX model (Greenwood, 2006; Norris and Greenwood, 2006) is one of the many available
models for evaluating slope stability and for the slope stability simulations. The main reason for this

selection is the fact that SLIP4EX is a model especially designed to evaluate the influence of vegetation in
slope stability and compare the factors of safety with and without vegetation. Furthermore there are

already highly diversified applications of the method allowing for an easier assessment of the results
(e.g. Stokes, 2000).

The SLIP4EX model is based on the original Greenwood equation for calculating the factor of safety of a
slope (Greenwood, 1989; Morrison and Greenwood, 1989) using the traditional stability equation
integrating the effect of hydraulic forces (Greenwood, 2006; Norris and Greenwood, 2006), which is
proven reliable and consistent:

_2[c'l+ (W cosa —ul — (U, — Uyp) sina) tan ¢’]
B Y Wsina

where ¢’ is effective cohesion at base of slice, | is length along base of slice, W is weight of soil, a is the
inclination of base of slice to horizontal, @' is effective angle of friction at base of slice, u is water
pressure on base of slice, U and U2z are interslice water forces on left and right hand side of slice (based
on assumed hydrostatic conditions below the phreatic surface or derived from a flow net for more
complex hydraulic situations). Considering the effects of vegetation, the equation is changed in the
following way (Greenwood, 2006):

> [(C’ + )l + ((W +W,)cosa — (u—Au,)l — ((Uz + AU,,) — (U + AUl,,)) sina — Dy sin(a — B) + T sin 0) tan (p’]
- YW+ W,)sina + Dy, cos(a — ) — T cos 8]

where the factors displaying the influence of the vegetation are displayed in bold: c' is the enhanced
cohesion due to the roots, W, is weight of vegetation, Au, is the change in water pressure due to
vegetation, AU1, and AUz, are changes in interslice water forces due to vegetation, Dy is wind force, T is

tensile force of roots and 6 is the angle of roots to slip surface.

https: //youtu.be /2wT2he 6Numk

https: //youtu.be /b8 WEe GrPhgc

https: //www.geostru.eu/slope-stability-analysis /

https: / /people.eng.unimelb.edu.au/stsy /geomechanics text/Ch11 Slope.pdf

http: / /civil.utm.my /azril /files /2016 /04 /Chapter-4-Slope-stability.pdf

http:/ /web.pdx.edu/~ilkc/programming/slopes/LandslideNotes.pdf
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6. INTERVENTIONS TO SLOPE STABILIZATION:

6.1 Basic principles of soil bioengineering

The basic principles that apply to conventional soil erosion control also apply in general to soil
bioengineering. These principles are mostly common sense guidelines that involve planning, timing, and
minimizing site disturbance as well as the design of individual measures themselves. Applicable principles
can be summarized as follows:

6.1.1 Fit the soil bioengineering system to the site

This means considering site topography, geology, soils, vegetation, and hydrology. Avoid extensive
grading and earthwork in critical areas and perform soil tests to determine if vigorous plant growth can
be supported. At a minimum, collect the following information:

6.1.1.1 Topography and exposure

e Note the degree of slope in stable and unstable areas. Also note the presence or lack of
moisture.

The likely success of soil bioengineering treatments can best be determined by observing existing
stable slopes in the vicinity of the project site.

e Note the type and density of existing vegetation in areas with and without moisture and on
slopes facing different directions. Certain plants grow well on east-facing slopes, but will not
survive on south-facing slopes.

e Look for areas of vegetation that may be growing more vigorously than other site vegetation.
This is generally a good indicator of excess moisture, such as seeps and a perched water table,
or it may reflect a change in soils.

6.1.1.2 Geology and soils

e Consult geologists about geologic history and types of deposits (colluvium, glacial, alluvium,
other).

e Note evidence of past sliding. If site evidence exists, determine whether the slide occurred along
a deep or shallow failure surface. Leaning or deformed trees may indicate previous slope
movement or downhill creep. In addition to site evidence, check aerial photos, which can reveal
features that may not be apparent from a site visit.

e Determine soil type and depth. Use the soil survey report, if available, or consult soil scientists.
6.1.1.3 Hydrology

® Determine the drainage area associated with the problem area. Note whether water can be
diverted away from the problem area.

e Determine the annual precipitation. Are there concentrated discharges?

¢ Calculate peak flows or mean discharge through the project area.

* If a seep area was noted, locate the source of the water. Determine whether the water can be
intercepted and diverted away from the slope face.

6.1.2 Retain existing vegetation whenever possible

Vegetation provides excellent protection against surface erosion and shallow slope failures. Soil
bioengineering measures are designed to aid or enhance the reestablishment of vegetation.
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6.1.3 Limit removal of vegetation

® Limit cleared area to the smallest practical size

e Limit duration of disturbance to the shortest practical time

®* Remove and store existing woody vegetation that may be used later in the project
e Schedule land clearing during periods of low precipitation whenever possible

6.1.4 Stockpile and protect topsoil

Topsoil removed during clearing and grading operations can be reused during planting operations.
6.1.5 Protect areas exposed during construction

Temporary erosion and sediment control measures can be used.

6.1.6 Divert, drain, or store excess water

* Install a suitable system to handle increased and/or concentrated runoff caused by changed soil
and surface conditions during and after construction.

e Install permanent erosion and sediment control measures in the project before construction is
started if possible.

6.2 Design considerations

6.2.1 Earthwork

Typically, sites require some earthwork prior to the installation of soil bioengineering systems. A steep
undercut or slumping bank, for example, requires grading to flatten the slope for stability. The degree of
flattening depends on the soil type, hydrologic conditions, geology, and other site factors.

6.2.2 Scheduling and timing

Planning and coordination are needed to achieve optimal timing and scheduling. The seasonal
availability of plants or the best time of year to install them may not coincide with the construction season
or with tight construction schedules. In some cases, rooted stock may be used as an alternative to
unrooted dormant season cuttings.

6.2.3 Vegetative damage to inert structures

Vegetative damage to inert structures may occur when inappropriate species or plant materials that
exceed the size of openings in the face of structures are used. Vegetative damage does not generally
occur from roots. Plant roots tend to avoid porous, open-faced retaining structures because of excessive
sunlight, moisture deficiencies, and the lack of a growing medium.

6.2.4 Moisture requirements and effects

The backfill behind a stable retaining structure has certain specified mechanical and hydraulic properties.
Ideally, the fill is coarse-grained, free draining, granular material. Excessive amounts of clay, silt, and
organic matter are not desirable. Free drainage is essential to the mechanical integrity of an earth-
retaining structure and also important to vegetation, which cannot tolerate waterlogged soil conditions.
The establishment and maintenance of vegetation, however, usually requires the presence of some fines
and organic matter in the soil to provide adequate moisture and nutrient retention. In many instances,
these biological requirements can be satisfied without compromising engineering performance of the
structure. With cribwalls, for example, adequate amounts of fines or other amendments can be
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incorporated into the backfill. Gabions can be filled with rock and soil drifted into them to facilitate

growth of vegetation. Woody vegetative cuttings can be placed between the baskets during filling and
into the soil or backfill beyond the baskets. The needs of plants and the requirements of structures must
be taken into account when designing a system.

6.3 Drainage

Depending on the inclination of the slope or embankment, one of the most effective ways to help prevent
erosion is to create diversions which will channel excess water down the slope along a predetermined
path. One of the simplest ways to do this is to create open ditches or drains by simply digging along the
slope at regular intervals. Use of pipes and gutters is also very effective, and work just as well as natural
drains when designed and installed properly.

6.3.1 The drainage hierarchy

The drainage problems of an individual neighbourhood are part of a hierarchy of problems related to
the drainage network of the whole city and corresponding with the hierarchy of drains which compose it.
These drains range from the major canals or large sewers which collect water from large areas of the
city down to the small ditches or drainpipes that run along the roadside or serve individual properties.

At the most basic position in the hierarchy is the receiving water body into which the system discharges.
This may be the seq, a lake or a river. The water level in the receiving water body fixes the minimum
level of the drainage channels, because the pumping of stormwater is not feasible for any but the
wealthiest communities. Even if it were possible to afford pumps large enough to handle the amounts of
water involved, they would not be practical because of the many difficulties of maintenance and the
extent of the damage that would result from malfunction or breakdown of the pumps. The water level in
the receiving water body comes very close to ground level in many flat low-income areas, which means
the drains cannot be made very deep.

Next in the hierarchy is the primary drainage system, composed of main drains, sometimes called
interceptor drains. These serve large areas of a city or the city as a whole, and often follow the line of
natural drainage channels such as rivers or streams. The design, construction and maintenance of a city's
primary drains require extensive engineering skills and a large financial base, and are well beyond the
means of an individual community. These drains are not considered here.

Finally there is the secondary drainage system, a network of small drains within each neighbourhood.
These are sometimes known as micro-drainage or laterals, and each serves a small catchment area,
ranging from a single property to several blocks of houses. This publication deals principally with the
secondary level of the drainage system. At this level, improvements can be made with modest
investments, and low-cost solutions are often appropriate.

6.3.2 Factors affecting storm water flows

Not all the water falling as rain needs to be removed by the drainage system. Some of it will infiltrate
into the ground, while some may stand in puddles and other depressions and eventually evaporate. The
proportion that runs away over the ground surface and has to be carried in the drainage system is
known as the runoff coefficient. In practice, there is little chance for evaporation during a rainstorm, so
that the runoff coefficient to use when calculating the size of the drains required is based on the
infiltration capacity of the ground. This depends mainly on soil conditions, the slope of the terrain, and on
land use:
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Soil conditions. Water seeps more readily into sandy soil than into clay or rocky ground.

Terrain. Water flows more rapidly down a steep slope, leaving it less time to infiltrate than when it
stands or moves slowly in a flat area.

Land use. Vegetation traps much of the water and also loosens the soil, thus making infiltration easier.
Roofs and paved surfaces, on the other hand, prevent infiltration.

Runoff coefficients are therefore higher in areas of clay soil or rock, on steep slopes and in densely built-
up areas with little vegetation. As an example of this, the quantity of water to be drained from a high-
density housing area may be 5-6 times greater than it was when the area was undeveloped and
covered with vegetation.

The rate at which water enters the drainage system depends on the runoff coefficient, but also on the
rate of rainfall. Of course this can vary, from a heavy downpour to a light shower, and it is hard to
estimate the maximum intensity of rainfall that will occur in a given year, because of the unpredictability
of the weather. However, by analysing past rainfall records, it is possible to make an estimate of the
probability of any particular rate occurring. The more severe the rainstorm (i.e., the higher the rate of
rainfall), the lower the probability of its occurring.

This probability is usually expressed as a "return period". A rainstorm with a probability of 1 in 20 of
happening in any particular year is said to have a return period of 20 years, and is called a 20-year
storm. This does not mean, of course, that it happens exactly every 20 years, but that on average it will
happen that often-an average of five times a century.

If a drainage system is designed for an unusually severe rainstorm with a 100-year return period, it may
never be fully used within its lifetime. The money spent in constructing a system with such a large capacity
might have been better spent on building smaller drains in areas that have none. Choosing the optimal
return period for the design of an urban drainage system is a difficult judgement based on weighing the
risk of the drains overflowing, and the damage this might cause, against the cost of building larger
drains to prevent it.

A return period of five years is widely used to design primary drainage systems in tropical cities, but
shorter periods (three years or less) are more suitable for micro-drainage within residential areas, where
an occasional overflow is less likely to cause serious damage. In a low-income area, where the value of
property liable to damage is relatively small, and only limited funds are available for drainage, the
appropriate return period may be shorter still. In Mombasa, for example, a one-year return period has
been adopted for all but the largest drains. In Calcutta some drains have been designed for a return
period of only two months. A few inches of flooding several times each year may be a great
improvement on waist-deep water for weeks on end.

The damage that can be done to roads by storm water is often the major justification for drainage in
low-income areas. On steep slopes, a single heavy rainstorm that makes the drains overflow can cause
enormous damage by erosion, so that a longer return period may be justified than in flat areas.

6.3.3 Problems of steep slopes

Sloping land easily suffers from erosion when the vegetation cover is damaged and when intensive land
use bares the soil. It is therefore important to prevent water from rushing down in uncontrolled flows that
may undermine houses and turn paths and streets into impassable gulleys. As a rule of thumb, slopes of
more than 5% can be considered steep slopes.

38-124



I-' C n N F D SPECIALISATION PROCESS FOR THE ECOENGINEERING SECTOR IN THE

MEDITERRANEAN ENVIRONMENT

On steep terrain, the only way to keep water in the soil is through terracing so as to reduce the slope.
Various methods exist and are used to control erosion on agricultural land. However, these can be

applied in an urban area only if the neighbourhood has not already been fully built up.

When the water is concentrated in a natural or artificial line of drainage running down a steep slope, it
can flow at great speed and thus cause considerable damage. Various methods can be used to lead the
water down gradually and in manageable quantities:

(a) Diverting the water horizontally by a bank built along the contour or by turnout drains, thus reducing
the speed of water flow and avoiding the accumulation of all the water from the whole slope in a single
drain.

(b) Leading the water in a controlled zigzag through baffles built into the drain to slow down the flow

(c) Building steps into the drain. The area on to which the water falls from each step is built to resist the
force of the falling water. Step drains are practical if the slope exceeds 30%, but otherwise they
become too expensive.

(d) Checkdams (checkwalls) are a less expensive solution to the problem, and can be used in unlined
drains. The water deposits silt behind each checkwall, gradually building up a stepped drain. The
checkwalls should be set well into the ground on each side and beneath them, to ensure that the water
does not cut a way past them. In particular, the foundation of each wall should not be higher than the
crest of the next one downstream.

Checkdams can be built of various materials besides concrete or masonry. Piles of large stones help to
dissipate the energy of the water as it flows through the tortuous spaces between the stones. The stones
must be large enough to resist being carried downstream by the water.

In areas where rocks of sufficient size are not available, smaller rocks may be tied together in a large
bundle or bale known as a gabion. A gabion is made by filling a large basket of galvanized wire mesh
with stones, to make a large rectangular bundle of about 0.5-1.0 m3. These can be built up into a wall;
however, it is advisable to fill them only after putting them in position. Bamboo strips may be used as a
substitute for wire, although they will rot away in a few years. As the bamboo deteriorates, weak cement
can be applied sparingly to the exterior of the gabion, taking care not to block completely the spaces
between the rocks. When a gabion is newly placed, the rocks have to settle down; a weak concrete
would easily crack whereas wire and bamboo are flexible.
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In areas with a moderate ground slope of about 4-10%, drainage channels may be lined with concrete,
masonry or vegetation to prevent scouring of the channel bottom.
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7. SOIL BIOENGINEERING TECNIQUES

7.1 Soil protection techniques

7.1.1 Sowing

Description
Manual spreading of seed mixtures:

a) with commercial mixtures of certified origin (species origin, blend composition, degree of purity,
degree of germination);

b) with flowers harvested directly in the field from stations of conditions similar to those in which it must
operate.

The covering is immediate, with an anti-erosion surface effect determined by the radical reticule
deepened in the ground (10 - 30 cm).

Application fields

Flat surfaces or slopes of less than 25 ° - 30 °, intended for revegetation, according to the ecological

conditions (examination of the pedoclimatic conditions, floristic and / or vegetational analysis), to avoid
run-down and wind erosion and to limit drying.

Materials

Wherever there is need, sowing is combined with the spread of organic and / or inorganic fertilizers, the
quantity of which varies according to the period of intervention: in spring it will be greater because the
season allows the plants to use most of them; in autumn to avoid leaching the amount not used by plants
for the arrival of the cold season.

An improved sowing variant is the Schiechteln Method which includes, in addition to sowing, the laying on
the ground of mulching with long fiber straw and fixing it with an emulsion cold sprayed hydro-flat. It is
very suitable for substrates poor in organic matter, shallow and dry soils located at high altitudes,
mountainous areas in the Mediterranean area.

7.1.2 Hydroseeding

Description

The spreading is made by a hydroseeding machine, equipped with barrel, of a mixture composed mainly
of seeds, adhesives, fertilizers and water. The various components of the mixture are mixed in the
mechanical ways, which is then sprayed onto the surfaces to be grassed by means of pumps and nozzles
with adequate pressure, which does not damage the seeds. The presence of adhesives guarantees the
protection of seeds during the first phase of germination.

Application fields

Surfaces characterized by absence or however lack of humus, steep surfaces or scarcely accessible areas
of considerable surface development. The anti-erosion effect is immediate thanks to the presence of the
film due to the adhesive and then the radical reticule deepened in the ground (10 - 30 cm). In a short
time an environment suitable for the microfauna is developed.

41-127



I-' C n N F D SPECIALISATION PROCESS FOR THE ECOENGINEERING SECTOR IN THE

MEDITERRANEAN ENVIRONMENT

Materials

The seeds will be provided with certification of seed origin and in quantities not less than 30 - 60 gr /
m2, water, fertilizers / fertilizers, soil improvers, adhesives. The percentage of the various components of
the mixture varies from case to case; it is therefore necessary to carry out first a staging analysis that
allows evaluating the composition.

Hydroseeding applied over a 3D layer
Description

Spread in two passes by means of a seed mixture hydroseeding machine,soil conditioners, adhesives,
organic fiber (mulch) and water for surface coating. The distribution must be homogeneous and the layers
will have thickness from 0.5 to 2 cm. The use of adhesives promotes the fixing of the seeds to the
substrate and the formation of an anti-erosion film, of support in the initial phases of seed germination.
The use of organic fiber (mulch) enhances the functions of moisture retention and organic support,
facilitating seed germination and plant development.

Application fields

Floating surfaces free of vegetal soil, subject to erosion, sometimes is combined with vegetative coatings
in wire mesh and mats, green reinforced earth, etc. Road and railway embankments in trenches, rock
quarries, aggregates dumps. Slopes with excessive slope, areas with prolonged periods of drought,
slopes subject to movement of the ground. This technique is well adapted to the Mediterranean
ecoregion.

Materials

Mechanical medium (hydroseeding machine), organic fiber (mulch) (300-700 g / m?2), fertilizers and
fertilizers, seeds, polymer based adhesives, water. The composition of the mixture and the quantity of
seeds must be chosen following a stational analysis, which takes into account the local pedoclimatic and
vegetation characteristics.

7.1.3 Biomats

Description

Vegetable fiber mats (straw, coconut, mixed) or woven in jute or coconut yarn (of remarkable resistance),
used in the anti-erosion treatments of slopes that are poor in organic matter and subject to meteoric
erosion. The mat is laid out and fixed to the substrate by pegs of various shapes. It is normally combined
with sowing and planting of cuttings and / or shrubs.
This technique has a quick and simple execution, with immediate protection of the surface. It allows the
soaking of steep surfaces, with soils with poor physical-organic endowment, suvitable on regularized
slopes. The earthy material underlying the mat is retained, thus preventing it from being transported
downstream.

Application fields

The jute mat is suitable on slopes with low slope, on loose rocks (gravels, clays), denuded or newly
formed substrates, even irregular, possibly with an earthy substratum on the surface, dry and excessive
substrates drainage: water infiltrates, but does not stagnate and does not erode. The meshes of the mat
allow the plants to grow, thus ensuring the protection of the surface once the mat has undergone
complete degradation.
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The mats woven in coco yarn are suitable on slopes with greater slope on dry and strong drainage
substrates. They are also suitable on erosion banks subject to periodic submersion.
The mats protect the escarpments from meteoric and wind erosion, improve the water and thermal
balance on the ground, bring organic substance. The duration in time is variable, the coconut fiber in
particular lasts up to 5 - 6 years, but the final degradation is complete.

Materials

Biodegradable mats made of organic straw, coir or mixed fibers weighing not less than 250 g / m2,
generally supported by a biodegradable photo-fiber mesh, with a minimum mesh of 1x1 c¢m, or paper
sewed with biodegradable yarn, possibly pre-formed; woven mats (generally with wires of
jute or coconut); brackets or pegs in steel iron, U-shaped or wooden; seed mixture (40 g / m2); cuttings
and native shrubs.
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llustracién 8 Detail of erosion control matting. Source: ECTC, 2008.

7.2 Ground stabilising techniques

7.2.1 Live stakes

Description

Driven woody cuttings and / or branches of plant species with capacity of vegetative propagation in the
soil or in the fissures between boulders, insertion in live palisades, gabions and reinforced earths. The use
of willows is classic, as well as other species such as privet and tamarisks (the latter resistant to alternate
conditions of strong aridity and the presence of salts in the soil). The plant density increases as the slope
of the land increases: from 2-5 cuttings / sq m to 5-10 cuttings / sq. M. The stabilizing / consolidating
effect at depth increases with the length of the infixed part of the cuttings. The stability of the slope and
the superficial consolidation of the ground are limited to the development of an adequate root system.
Occasional pruning of hardening and thinning should be performed to avoid monospecific populations.

The drainage effect (the willows are real "water pumps") is due to absorption and transpiration of the
live material used.

The branches must be collected and used quickly. Storage for longer periods may be carried out in cold
storage at low temperatures (4-5 ° C) and 90% humidity or submerged in cold water tanks.

Application fields
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Slopes with limited inclination; interstices and fissures of cliffs, walls, gabions, reinforced lands; like live
stakes in laying networks, mats, fascinate, viminate. The action is initially punctual, but extensive and
covering after development (6 months +~ 1-2 years).

They find wide applicability, with exclusion of lithoid and particularly arid substrates: the various species
of willows cover a wide range of environments from sea level up to 2000 m a.s.l. and beyond, but they
fear the conditions of strong aridity of the stenomediterranean climates, the salinity of the substratum
(proximity to the sea), the excess of shading. For the preceding situations, the Tamarix sp resist well but
cannot be used at altitudes of more than 4-500 m a.s.l.

Materials

Ground driven: non-branched jets, of 2 or more years, 2 = 5 cm, L = 0.50 +~ 0.80 m, woody trees in
general shrub with vegetative propagation capacity (willow); insertion during construction: live branches
of L1 +5mediam. 1-5 cm.

llustracién 9 Source: Polster, 2001

7.2.2 Shrubs plantation

Description

This technique consists in planting of young indigenous shrubs in clods in pots or phytocells (of nursery
production) in specially prepared holes of appropriate size to accommodate the entire root or the entire
root volume of the plant. The plantation must take place according to a sixth of irregular planting and
with different species arranged in mosaic. For the first few years the plants must be equipped with a
guard pole, mulch at the base to reduce competition with the herbaceous species and cylinder in the net
for protection from the fauna. The bare root transplant, widely used in central Europe and also in the
ltalian alpine areas, is not very feasible in the southern regions. The stabilization of the soil is limited to
the development of an adequate root system and therefore this condition must initially be guaranteed by
other material.

Application fields
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Low slope surfaces, preferably with the presence of organic soil. In Soils without this substance should
prepare holes in the substrate and fill them with a certain amount of plant soil, organic fiber and
fertilizers suitable to guarantee the rooting of the plants; in such land will still be from to prefer the
choice of plants with a pioneer behavior of the corresponding stages of the natural potential dynamic

range of the site.
Materials

Nursery shrubs in containers; height between 0.30 and 0.80 m; discs mulching, or pine bark; pali
guardians; anti-fraud protection networks.

7.2.3 Wattle fence

Description

This technique consists of Intertwining of wooden species rods with vegetative propagation capacity,
around wooden stakes. A rapid stabilization is obtained up to 25-30 cm of depth and immediate
containment of the material. It is a technique adaptable to the morphology of the slope. lts execution
requires considerable workmanship and long and elastic rods in sufficient quantity are not always
available for weaving. The stabilization is immediate for the superficial layers of soil, and there is an
improvement when the rods emit roots, even if the rooting is modest compared to the amount of material
used.

It can often happen that the posts are broken due to an excess of load from the backfill or due to the
rocks falling from above. In this case they are necessary maintenance works and the replacement of
broken posts. The stabilizing effect occurs only in the case of underground and basement voids, in which
the phenomena of undergrowing and undermining are reduced.

Application fields

Slips with maximum inclination of 40 ° and subjected to surface movement of the land or modest
landslides. Banks of watercourses at medium-low speed and reduced solid transport. It is not a technique
that can be used in high-energy watercourses.

This technique can be used on stony or rocky soils when combined with soil bearing.
Materials

Elastic woodworm rods, suitable for weaving and with capacity for vegetative propagation (willows,
Tamarix sp), not very branched, L min. 1.50 m and & at the base no less than 2 - 4 cm; posts in coniferous
or chestnut wood @ 5 = 8 ecm, L= 1.00 = 1.50 m; pegs of iron @ 14 - 16 mm, L 50 cm = Tm;
wirecooked.
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llustracién 10 Wattle fence (source: Dave Polster, 2002)

7.2.4 Brush layers

Description

It consists of planting, inside steps or terraces excavated in parallel rows on slopes, of branches of
woody plants with vegetative reproduction capacity (Salix sp, Tamarix sp, etc) and / or native rooted
shrubs and subsequent covering with the material coming from the upper excavations. A deep rooting
with drainage effect is obtained; both erosion and soil movement are prevented; surface runoff is slowed
down. The planting of hardwoods rooted in the rows allows to reach more quickly an advanced stage of
the series of potential vegetation. The technique is expensive due to the high requirement of plant
material. In the case of the embankment, the placement of cuttings at the same time as the formation of
the layer survey determines an effect similar to that of the land reinforced, for deep consolidation.

Application fields

Incoherent slopes, shallow landslides, detected during the execution phase. Stabilization of landslides in
morainic or alluvial material, with a maximum slope of 40 °.

Materials

Branches or rods of species with vegetative breeding capacity; shrubbery rooted.
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llustracién 11 Brush layers details (Water Science Institute, NRCS)

7.2.5 Live fascines

Description

Planting of live bundles of wood species with propagation capacity vegetative (rods tied together with
iron wire) inside a furrow:

a) on the slope: secured with pegs struck through the bundles or in front of them;

b) on the bank: infixing wooden stakes with alternating orientation, for thus making the structure more
elastic and supportive in the event of full realization of bank spines causes a narrowing of the riverbed;
it is therefore necessary to provide the space necessary for the regular flow of water. Stabilization is
quick and easy to implement. The costs are also contained for the poor earth movement. However the
depth effect is limited and the bundles are sensitive to falling stones. The outermost branches are subject
to abrasion. Sui slopes serves as a biotechnical drain and facilitates the draining of the waters.

c) dead: along banks of water courses at low water speed and limited solid transport, dead bundles of
wood species are placed, arranged longitudinally on the bank below the average water level. It is
obtained immediate protection of the foot in a small space and with limited use of material. Executable
at any time of the year, also acts as a shelter for small aquatic animals. Usually this type is not applied
as the only intervention solution, but combined with other techniques involving the use of live material. The
dead fascinate is therefore a further basic protection for other naturalistic engineering techniques.
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Application fields

This technique can be used in slopes with an inclination of no more than 35 °, with the need for
biotechnical drainage, road and railway embankments, landfill escarpments. Medium-energy water
courses with relatively constant flow rates and average level.

Materials

a) and b) wooden woodworms with vegetative propagation capacity (willow, tamerici) @ min. 1 cm and L
min. 2.00 m; wire; wooden posts @ 5 cm or iron stakes 8 8 - 14 mm and L min. 60 ¢m; land.

c) dead woodworm rods @ min. 2 cm and L min. 2.00 m; wooden posts @ 5 cm or iron stakes g 8 ~ 14
mm and L min. 60; stone.

LIVE BRANCHES

DEAD

STOUT STAKE °

llustracién 12 Detail of a live fascine. Source: Robbin B. Sotir and Associates)

7.2.6 Live palisade

Description

Intervention for the stabilization of embankments consisting in the construction of timber structures,
transversal to the line of maximum inclination, made up of two overlapping rows of trunks fixed with iron
pegs, planting cuttings between the two trunks and planting upstream shrubs in the raised step. This
intervention is characterized by a wide applicative value, limited to the superficial stabilization of the
slopes, both in excavation and in relief.

Application fields

Escarpments in excavation, consolidation of erosion furrows, stabilization superficial surveys and / or
accumulation of loose material, on fire routes, etc.

Materials

Chestnut or coniferous trunks (except fir) g 15 - 25 ecm, L = 2.00 = 5.00 m; iron pegs @ 14 (16) mm, L 40
+ 100 cm; woody cuttings of willows; indigenous, inert shrubs; native seeds.
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7.3 Combined construction techniques: consolidation techniques

7.3.1 Live slope grid

Description

Roundwood structure obtained by laying vertical and horizontal trunks arranged perpendicular to each
other, the latter superimposed on the vertical ones and nailed to them. Inside the chambers thus obtained,
cuttings of willows and / or rooted shrubs (sometimes supported by pieces ofelectro-welded mesh) are
placed during construction, and the whole is covered with inert earthy aggregate. A small grating can
also be performed with the use of live astones. The stabilization is immediate thanks to the wood
reinforcement and the effect increases with the rooting of the plant species, which also perform a
draining action. The wood rotates over time, so that in addition to good nailing, it is necessary that the
plants inserted in the structure are vital and deeply rooted, thus replacing the function of support and
consolidation of the slope once the wood has lost its functions.

Application fields

Reconstruction of the profile of landslides with slopes between 45 ° and 55 ° that not they can be
reduced; slopes of road infrastructures.

Materials

Chestnut or coniferous trunks (except fir) 8 15 ~ 25 cm, L = 2.00 = 5.00 m; iron pegs @ 14 (16) mm, L =
40 = 100 cm; woody cuttings of willows L min. 1.00 m; inert; suitable seeds; native shrubs; electrically
welded mesh of containment of the inert between the rooms.
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llustracién 13 Detail of a live slope grid. Source: Schiechtl and Stern, 1996

7.3.2 Live log crib wall

Description

Timber structure consisting of a frame of logs to form chambers in which cuttings and / or fascines of
species with vegetative propagation capacity are inserted. The work, placed at the base of a slope or a
bank, is completed by filling with inert earthy material and stones in the part below the average level of
water. The stones and the bundles placed to close the cells to the outside guarantee the structure from
emptying. The cuttings inserted in depth are necessary to guarantee the rooting of the plants that in
Mediterranean environments suffer from dry conditions. The consolidating effect is notable, it is initially
linked to the durability of the wood and is replaced over time by the development of the vegetation
(plant aerial biomass ad root system). In this sense, heights of less than 2.5 m are recommended. The
consolidation is fast and robust, with an immediately pleasing visual effect and a great landscape effect,
linked to the rapid development of the branches.

The wood with time decays, so besides good nailing, it is necessary that the plants inserted in the
structure have a good development in order to, over time, fulfill the support and consolidation function on
the slope. The stabilizing role transfer between the logs and the vegetation must be ensured by means of
a good design of the technique.

Application fields

This technique can be utilized for consolidation of slopes and landslides; at the foot of road
embankments or railways; fluvial banks subject to erosion of medium-energy watercourses - high with
solid transport also of medium size. The one-wall variant (simple log crib wall case) is preferable in
limited space or excavation possibilities.

Materials

Trunks of chestnut or resinous peeled g 20 +~ 30 cm; metal studs 812 + 14 mm; cuttings and twigs (to be
combined with living willow blades g 20 +~ 30 cm and dead fagots @ 25 +~ 30 cm in the case of piled
banks); inert earthy and stone (in the piled bank); native shrubs.
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llustracién 14 Log crib wall detail (source: ErosionDraw 4.0)

7.3.3 Live gabion wall

Description

Technique suitable for both linear arrangements and point-like arrangements, consisting of gabions in
double-twisted galvanized wire mesh and hexagonal mesh, filled on the spot with small stones of a
minimum size of 15 ¢cm, arranged in parallel overlapping rows. Inside the gabions are inserted willow or
tamarisk cuttings with irregular or row arrangement in the first mesh of the upper gabion (not between
one gabion and the other). To avoid erosion of the foot, before laying the gabions, a suitable prolonged
foundation is prepared towards the riverbed center (mattress). Elastic support structure, very suitable for
accommodation in conditions of steep slope and in limited spaces; the use of local pebbles ensures a
visual coherence of the structure with the local lithology; over a period of 1-2 years the roots of the
willows or tamarisks increase the stability of the structure itself, which is also masked by the development
of the aerial parts. In their combined use with living plants they lend themselves to various applications of
naturalistic engineering, which are susceptible to further evolution due to the adaptability of the
materials. Already their traditional use has considerable plasticity giving rise to spontaneous
renaturalization processes over time. They can perform both a protection function against river erosion
and at the same time support of the bank in case of gravitational instability. They are permeable
structures that do not hinder the filtration of water to and from the banks. They must be used verifying
the stability with respect to the dragging tensions due to the action of the water. Generally, it is not
recommended for use in presence of intense solid transport characterized by large material. They are
used to build gravity support structures characterized by high flexibility and permeability. They must be
sized as support works by carrying out the appropriate stability checks. The execution is quick and
simple, with immediate containment effect. The realization is preferable in areas with availability of
stone material.

Application fields

Longitudinal and / or transverse defense of watercourses; foot of wet slopes and unstable; erosion
slopes; bridle in floodplains flooded occasionally; phytodepuration systems; defense and support of lake
shores; reconstruction and / or replacement of concrete retaining walls in unstable ground.

Materials
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River pebbles g 15 -~ 30 cm or stones; box in galvanized steel wire (must have a protective cover if in
contact with water), double twisted type 8 x 10 mesh; galvanized iron wire @ 2.2 mm or mechanized
metal points in steel @ 3.0 mm; cuttings of willow or Tamarix sp long enough to touch the natural soil
behind the gabion, generally 1.5 - 2 m and @ min. 2 cm.

llustracién 15 Source: Gray and Sotir, 1996

7.3.4 Vegetated geogrids

Description

Support work realized through the combination of reinforcement materials in nets of synthetic or metallic
plastic, inert filling and coating in mats on the external front, in order to allow the growth of the plants.
From a static point of view, the stability of the structure is guaranteed by the weight of the soil
consolidated internally by the reinforcements; the surface stability of the work is ensured by the mats on
the face and the plants. It is a support structure very suitable for accommodation in limited spaces or
near road infrastructures.

The plasticity of the morphologies achievable and the total revegetation make it one of the most easily
re-enforcing techniques. To guarantee the rooting and growth of the plants and the turf, the fronts must
have a maximum slope of 60 ° to allow the supply of rainwater.

The only grassy depletion over time and does not guarantee the anti-erosion function of the wedge of
vegetable earth, which tends to wash away; when the mats lose their function, it is therefore essential to
insert, recommended during construction, cuttings and rooted shrubs and the combined use of permanent
synthetic mats. The artifacts result to have a high temporal duration and the construction for modules
allows you to obtain multiple shapes, suitable for the local soil conditions.

Therefore, it is an elastic and permeable work, even if, due to the costs and the overall dimensions, it is
larger than the concrete wall structures. It is necessary to find filling material with suitable geotechnical
characteristics.

Application fields

It can used to support of embankment scarps, consolidation of road and railway embankments,
consolidation of banks and embankments, anti-noise earthworks, modeling and reconstruction in cases of
limited space.

Materials
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Depending on the different construction type, geosynthetics are used; metal and geosynthetic grid; grid
and metal armor; pre-assembled elements in double-twisted wire mesh. In all cases, staples, inert filler
material, plant soil, live willow cuttings, rooted shrubs, normal or thick hydroseeding are used.
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Dead Stake Rooted Seedlings, etc.
to Secure .
Geotextile Geotextile

Compacted Soil
30 cm Lifts

Fabric

Fabric

Live Branches
Installed

24m When Dormant
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llustracién 16 Detail of a vegetated geogrid with rock toe key (Watershed Science Institute, NRCS)

An alternative classification of soil and water bioengineering techniques is the following:

7.4 Using only vegetation:

Technique Soil cover Stabilisation

>

Manual seeding

Hydroseeding

Cover seeding (with geotextiles)

Hay seeding

X| X | X[ X

Dry mulching

Cuttings

Living brushes and combs

Plantation of rooted branches

Living bush matress X

Fascines

Woattle fence

Bush layer

Planting of rhizomes

Plantation of woody plants

Hedge layer

Sod

Log branch cutting
Sod rolls X

Transplantation of live soil X

XXX XX XXX X] X]|X]|X
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7.5 Combined techniques

Technique Soil cover Stabilisation
Rock fill and pavement X

Reno matresses X

Dry stone walls X X
Use of soil agregating substances X

Geotextiles X

Mulching X

Anchors X
Wire mesh X

Gabions X
Reinforced earth with geotextiles X X
Log Cribwall and other suport log X
structures

Slope grid X X
Cuttings X
Fascines X

Mass movements

https: //youtu.be /0lUn5 7fHmE

https: //youtu.be /EDZYMaSu9Tk

https: //youtu.be /sYqViyuK5vs

Soil erosion

https: //youtu.be /Kdm-Z- AGnU

https: //youtu.be /aRfUTVIVé63g

https: //youtu.be /QLrrPRikg0A
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8. MODELATION OF SLOPE INTERVENTIONS

The stability analysis of supporting structures (gravity walls, gabions, cribwalls, ...) and the developed
vegetation scenario uses the Coulomb method for calculating the active and passive thrusts of the
structure and of the root apparatus which is supposed to have developed over time. The active thrust (Pa)
corresponds to the following equation (Garcia-Vega et al., 2014):

Pag,y; = 0.5 X k,yH?

where Y is the soil density, H is the total height of the structure (considering it is not vertical), and ks can
be estimated as:

sin?(B + @)

2
.o . _ sin(@+8) sin(p—¢)
S ﬁ sm(ﬁ (P) [1 + \/sin(ﬁ—zs) sin(B+¢€)

kg =

where [ is wall inclination, @ is soil friction angle, O is soil friction angle at the base of the structure and €
is slope of retained fill. The overturning stability corresponds to the ratio between the moment of
overturning Mo and the moment of resistance Mr, which are functions of the active and passive thrusts, the
height, and the weight of the wall. The sliding stability is a function between the resisting forces and the
disturbing forces acting on the sliding plane, as well as the passive actions determined by the foundation
depth. The first set of forces are function of the weight, the vertical component of the active thrust and
the soil angle of friction, while the second are function of the horizontal component of the active thrust.
The pressure on the soil at the heel and toe (bearing capacity) is calculated considering the width of the
base (b), the total vertical actions (2 W) and the eccentricity of the load (e), following the formulas:

minimum pressure at heel:

>W 6e
Ppin = —/— [1 -7
b b
maximum pressure at toe:
>W 6e
Pmax b [1 + 7
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9. VEGETATION ACTIONS TO SLOPE STABILIZATION (POTENTIALS AND LIMITATIONS)

9.1 General actions

Plants’ roots uptake nutrients and water as well as provide mechanical support against wind, snow and
gravitational forces exerted by the plant itself. Roots also aid in binding the soil it is contained within,
improving the stability of the slope and reducing soil erosion. The study of root systems and slope
stability is challenging and comprehensive; therefore empirical data on this topic is difficult to obtain.
Research is limited due to many methodological issues. Firstly, roots are difficult to sample. They can
grow to great depths below the ground and occupy large amounts of area. This makes sampling tedious
and highly difficult to gather solid and accurate data. Secondly, trees and shrubs occupy a wide range
of root dimensions and are elaborately and extensively intertwined. Thirdly, the complex nature of the
interactions between abiotic and biotic features, such as rocks and other debris further complicate the
problem.

9.2 Basic Soil Mechanics

The Principle of Effective Stress Consider a soil mass that is subjected to a normal stress, . This is the stress
being applied to a soil plane. Newton’s third law states that in order to achieve equilibrium, the stresses
in the soil must be equal and opposite to The reactive forces in the soil can be denoted by and v, for
effective stress and pore water pressure, respectively. Effective stress is defined as the stress acting on
the soil particles while pore water pressure is the pressure of the water present in a soil mass. The
principle of effective stress is the single most important principle in soil mechanics. Karl Von Terzaghi,
whom is considered to be a pioneer of soil mechanics, discovered it in the mid-1920s.

This principle explains that the deformation of soils is a function of effective stresses and not total
stresses. Moreover, the principle of effective stress only applies to normal stress and not shear stresses.
Shear stresses can be defined as the stress applied parallel to the soil plane and is calculated by
dividing the applied force over a cross sectional area. Effective stress cannot be a negative value due to
the fact that soils cannot sustain tension. However, pore water pressures can be positive or negat
Seepage As water flows through the soil particles in a soil mass it exerts a frictional drag on the soil
particles. The frictional force that acts on the soil particles is known as seepage. When seepage occurs
downward it acts in the same direction as the gravitational effective stresses, which causes a decrease in
effective stress within the soil. Conversely, when seepage occurs upwards, the opposite occurs and there
is an increase in effective stress. When the pore water pressure is equal to the normal stress at that point,
the effective stress will be zero causing the soil to have no frictional resistance to deformation. Moreover,
the soil will have very little strength and slope failures at this point are common. Zero effective stress and
upward seepage is also associated with liquefaction and quicksand.

9.2.1 Slope Stability and Factor of Safety

One method of calculating the factor of safety of a slope is by using the assumption of an infinite slope
to simplify calculations. As the name implies, an infinite slope assumes dimensions that extend over an
infinite distance and deal with planar slip surfaces. Each vertical block is assumed to have the same
forces acting on it. The factor of safety is calculated by the driving forces, or shear strength of the soil,
divided by the resisting forces. The shear strength of soil is based on the Mohr-Coulomb failure criterion,
where for an effective stress analysis of the soil is the minimum shear strength required to maintain
stability is the normal effective stress is effective angle of internal friction A two-dimensional method of
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calculating slope stability is Bishop’s method. It is used for circular slip surfaces and results in only roughly

1% error. Simplifying assumptions are made to reduce a two-dimensional analysis into a solvable
statically determine problem. The method divides a slope into an arbitrary number of slices where the
forces and moments of each slice are then summed up. Increasing the number of slices will result in a more
accurate answer but also creates more calculations. The following is Bishop’s factor of safety equation for
an effective stress analysis. FS= is effective angle of internal friction is the total weight of a slice
including any external load is the pore water pressure at the base of each slice is the interslice shear
force is the moment force of each slice is the inclination of the slip surface within the slice to the horizontal
plane Factor of safety can be defined as the resisting forces divided by the driving forces. A factor of
safety of less than 1 means the slope has failed while a factor of safety greater than 1 means the slope
is intact. Generally, a higher factor of safety costs more financially. Moreover, when human lives are at
stake, the factor of safety is well over 1. Bishop’s method and the infinite slopes method of calculating
slope stability make many assumptions in order to simplify calculations. It is important to understand that
a real life slope stability analysis is a three-dimensional problem and therefore the calculations
mentioned above have degrees of error. There are many abiotic and biotic features of a slope that are
not taken into account and are very difficult to measure so it is important to always be conservative with
the results.

9.2.2 Causes of Slope Failures

Slope failures are, as already referred, initiated by a variety of causes including: natural forces, human
misjudgement and activities, and burrowing animals. A slope failure in steep, mountainous landscapes can
result in shallow landsliding. This is the common erosional process in these environments and is often
comprised of colluvial sediments. As the debris flow accumulates along its long path downwards, it
deposits sediment and scours the slope along the way. Shallow landslides can have large implications
when it occurs near human values. Water quality and fish habitat are at risk, and in areas where
unstable slopes border human activity, infrastructure and human welfare are at stake as well. The
following are some of the common human and natural induced activities that compromise the stability of
a slope.

Erosion

The weathering and transportation of solids on natural slopes is a continuous process. Erosion alters a
slope’s geometry where it may lead to slope failure. In a forestry example, erosion is commonly seen
when the soil is heavily compacted after harvesting. Forest harvesting exacerbates erosion by exposing
mineral soil and removing the fo floor. The forest floor protects the underlying soil from the impact of
rain drops and helps absorb water. Roads also lead to increased rates of erosion by changing the
natural drainage pattern.

Earthquakes

Earthquakes apply seismic loading that reduces the shear strength in soils. These shear forces cause the
grains in the soil to compact closer together, reducing the soil pores. Water then quickly fills the spaces
between the soil grains. This occurs so quickly that even coarse-grained soils cannot dissipate the excess
pore water pressures. This phenomenon is known as liquefaction. Sometimes the dynamic forces are so
great that the pore water pressure is increased to values near total vertical stress, resulting in the total
effective stress to approach zero.

Rainfall
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A slope experiencing prolonged periods of rainfall may be susceptible to failure. Rain saturates, softens

and erodes soil by entering cracks in the soil and weakening soil layers due to increasing seepage
forces. Failure in these cases can lead to mud slides.

External loading

Loads placed on top of a slope add to the gravitational load and may cause a slope to fail. Conversely,
loads placed at the toe of the slope, also known as a berm, increase the stability of the slope. Piling
rocks, for example at the berm of a slope can help stabilize weak slopes. Tension cracks Although tension
cracks may not always be a significant factor in slope failures, they are worth mentioning because they
are quite common. Firstly, a tension crack modifies the slip surface. When a tension crack is present, the
slip surface intersects the base of the tension crack and not the base surface of the road (Budhu 2007).
Secondly, when a tension crack is filled with water, there is a hydrostatic pressure applied along the
depth of the crack (Budhu 2007). The result is a decrease in the factor of safety due to an increasing
moment of force. Lastly, the tension crack provides an opening for water to seep through the slope and
into underlying soil layers. This can induce seepage forces, which compromise the slope.

Hydrological Role of Roots

Shallow slope failures can occur when the pore water pressure is increased and effective stress is
decreased due to large rainfall events. Site-specific factors, such as “preferential hydrological flowpaths,
slope steepness, soil thickness, and material properties” can also contribute to slope failure. Roots are
responsible for creating macropores and cavities in the soil thereby improving infiltration. However, an
increasing rate of infiltration also leads to a higher water table, thus increasing seepage pressures. The
contiguous chain of macropores beneath the forest floor that transports subsurface water is known as
pipeflow. Pipeflow plays a role in slope stability and landslide initiations “since the spatial variation in
hydrologic response is attributed to the influence of pipeflow”. Researchers have discovered that 50-
90% of landslide scars contained soil pipes at the headscarps or origin of the slide. During intense
rainfall events, closed ended soil pipes can cause slope instability by preventing the dissipation of water.
This causes the pore water pressure to increase, thus lowering the effective stress in the soil mass. When
water enters the cavity of a soil pipe, it accelerates and a frictional drag is exerted on the soil particles.
When seepage occurs at high velocities, it can cause erosion. This erosional process is known as piping.
This can cause the pipe wall to collapse and result in sediment discharge. Consequently, soil pipes can
improve slope stability by improving drainage and lowering pore water pressures. However, repetitive
pipe erosion over prolonged periods of time can be detrimental to slopes. The collapse of a soil pipe will
typically divert water to a different outlet, but if the water cannot flow through a different cavity, it will
become trapped. This can cause a large build up of pore pressure that lowers the effective stress of the
slope and eventually initiate a landslide. A majority of the slope failures in unsaturated conditions result
from large rainfall and infiltration events. As negative pore water pressure is reduced, the shear strength
of the soil decreases below the critical value along the potential slip surface, causing failure. When soils
drain rapidly, suction occurs and creates negative pressure. The soil has no real strength and will fail.
Decreasing the degree of saturation would decrease the permeability of the soil. Increasing the degree
of saturation in a soil mass causes an increase in permeability because the existing water film on the soil
particles result in a lower frictional resistance to flow. If the soil is not completely saturated, the rate of
flow would decrease as the inflow of water works to saturate the soil by filling the voids and forming thin
films of water around the dry soil particles. Material properties such as the type of soil and their grain
size play a major role in determining the permeability of a soil mass and ultimately, slope failure.
Permeability is important because it relates directly to pore water pressure. Fine-grained soils such as
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clay have much greater surface areas and thus absorb large amounts of water and cause swelling and

undrained conditions, while coarse-grained soils are looser packed and have large void ratios.
Permeability is indirectly controlled by particle size. Since void ratio is a function of particle size, fine
particles that exist within the sand would interfere with water flowing through the relatively large pores
between the coarse- grained particles. As the fine particles migrate and accumulate in the soil sample,
the blockage of water flowing will increase and the result will be a decreased permeability.

9.2.3 Mechanical Role of Roots

Roots provide mechanical support to a soil mass through its tensile strength, adhesive and frictional
properties. Roots growing perpendicular to the soil surface provide resistance to shearing forces acting
on the soil. Roots extending parallel to the soil reinforce the tensile strength of the soil zone. A soil mass is
reinforced not only by these two strengthening aspects but also in terms of the spatial distribution it
occupies. Fine roots (1-2 mm in diameter) are a tertiary root system and represent less than 5% of a
tree’s biomass but provide more than 90% of the water and nutrient uptake of all roots (Schwarz et al.
2009). Coarse roots are greater than 2 mm in diameter and consist of 15- 25% of a tree’s biomass.
They can be broken down into four classes: taproot, lateral roots, basal roots and adventitious roots.
These classes can be subdivided to primary and secondary roots, with secondary roots stemming from
primary roots that originate from the root system. There is documentation proving a positive correlation
between fine roots and soil reinforcement but the same cannot be said of coarse roots as its data is
unproven. The effectiveness of coarse roots highly depends upon its depth and spatial density. If the
spatial density is not sufficient, the strengthening effect of the roots is negligible as the soil can easily
move around the roots. In general, fine roots are more effective at soil reinforcement but for shallow
slope stability, the advantage of fine roots is less obvious. The major factors that govern shallow slope
stability are: number, size, tensile strength and bending stiffness of roots penetrating the failure planes. A
greater quantity of fine roots is more effective at reinforcing the soil than a smaller number of coarse
roots since tensile strength increases as root diameter decreases. Furthermore, during a slope failure, fine
roots tend to break off but remain fixed within the soil, while coarse roots can simply slip out. However,
only coarse roots can penetrate great depths and firmly anchor the soil mass. Moreover, by extending
deeply, coarse roots can fix large volumes of soil and reinforce shallow slopes. Coarse roots also have a
higher bending stiffness meaning it can withstand greater bending stresses than fine roofs. It is ideal to
have a combination of both fine and coarse roots. A large density of fine roots in the upper layers of the
soil stratum aids in resisting tension while coarse roots extending deep into the soil and crossing shear
planes provide stability from bending and shearing forces. The effectiveness of mechanical slope
stabilization depends on the depth of the weakest soil zone, the likely failure mechanism and the
steepness of the slope. The environment surrounding the soil plays a large role in determining the
effectiveness of root fixation. Factors that hinder the growth of roots, including but not limited to rocks
and a water table, reduce the significance it has on a slope. The soil type also plays a significant role in
determining the effectiveness of roots for the texture of the soil can influence the resistance of uprooting
while the soil’s nutrient level may dictate the spatial density and distribution of roots.

Root reinforcement of slopes - Hardwoods vs. Softwoods

Tree species has an effect on slope stability due to the variability of root strength between species. Each
species has its own unique root depth, density and spatial distribution. Some species have shorter life
spans while others are more prone to disturbances. Hardwoods, specifically red alder, are noted to have
a competitive advantage over softwoods in recently disturbed areas and are often the first to
regenerate. Studies conducted in the Oregon Coast Range have shown that many landslides have
occurred in close proximity to hardwoods. It was discovered that over 60% of the landslides occurred an
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average of 6 m or less away from a live hardwood while nearly 80% of the landslides were a distance

of 6 m or greater from a live conifer. Due to the short life span of red alder and some hardwood
species, there may be periods where soil reinforcement from root penetration is lacking. It was
discovered that both hardwoods and conifers have similar median rooting depth values. However,
conifers were found to have over 25% of their roots penetrating depths greater than 60 cm and 10% of
the roots at depths of 90 cm. In comparison, only 0.5% of hardwood roots reached depths of 90 cm. A
greater rooting depth can reinforce a larger volume of soil and potentially reduce the risk of landslides.

Spatial-temporal factors of roots

Three plantations of Japanese cedar were studied to determine the influence of various parameters on
slope stability. The study helped to show the differences in root density and slope stability depending on
stand age and structure. Root density was found to be highest in the juvenile stand, but decreased in the
intermediate stand and increased again in the mature stand. Similar findings of root density over time
have been documented in other species. It is unclear what causes peaks in root density over different
ages of tree development. However, at the juvenile stage, root density increases quickly because
younger trees need to allocate more resources to belowground biomass in order to uptake water and
nutrients. As a tree reaches maturity, there is an increase in root density, perhaps due to the decrease in
aboveground biomass as a result of a lack of nutrients. There is less demand for nutrient and water from
fine roots at maturity because the productivity and relative amount of tree foliage biomass decreases. As
a result, the fine roots eventually become coarse roots in order to provide structural support for the
mature tree. In the three plantations, root density was found to be greatest in the upper 0.20 m of soil.
The upper soil layers consist of greater nutrients and better aeration and moisture content. Root density
decreased dramatically with depth due to the lack of nutrients and favourable growing conditions.
Through the calculations of factor of safety, stage age and stand structure were found to have an effect
on slope stability. Juvenile and intermediate stands were discovered to have the highest values of factor
of safety while mature stands had the lowest. The factor of safety for juvenile stands without roots was
1.59 and 2.03 with roots, 1.58 and 2.03 for intermediate stands and 1.32 and 1.54 for mature stands.
Vegetation increased the factor of safety at all stand ages by 15-27% but had the greatest increase in
the juvenile stand. This can be attributed to the high stems per hectare and high root density of younger
stands. A partial reason why mature stands had a lower factor of safety was a result of the large
openings common in older stands. The factor of safety was also found to increase as the number of trees
increased and the distance between trees decreased. It is therefore important to be extremely careful
when planning to implement any silvicultural treatments on unstable slopes, especially in aging stands.

The Influences of Vegetation

The primary factors reflecting the effect of vegetation on slope stability are documented by J. R.
Greenwood. These include: enhanced cohesion, additional weight added from vegetation, windthrow
force, increasing strength of soil due to the removal of moisture by roots. Figure 4 shows the factors that
Greenwood incorporates in his calculation of slope stability. Enhanced Cohesion The additional effective
cohesion (c’) is difficult to measure and hence the contribution it has on slope stability is hard to quantify.
Since the distribution of roots is concentrated within 1 m of the surface of the soil, the contribution of ¢’ is
limited to this area. Fine roots provide cohesion to the soil and values of ¢’ are typically measured in the
laboratory with direct shear tests.
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9.3 Soil erosion

When it comes to finding solutions for soil erosion, the most useful techniques found tend to be those that
emphasize reinforcing the structure of the soil, and reducing processes that affect it.

o  Careful tilling: Because tilling activity breaks up the structure of soil, doing less tilling with
fewer passes will preserve more of the crucial topsoil.

e Crop rotation: Plenty of crop rotation is crucial for keeping land happy and healthy. This
allows organic matter to build up, making future plantings more fertile.

¢ Increased structure for plants: Introducing terraces or other means of stabilizing plant life or
even the soil around them can help reduce the chance that the soil loosens and erodes.
Boosting areas that are prone to erosion with sturdy plant life can be a great way to stave
off future effects.

e Water control: For those areas where soil erosion is predominantly caused by water —
whether natural or man-made — specialized chutes and runoff pipes can help to direct these
water sources away from the susceptible areas, helping stave off excess erosion. Having
these filters in particular areas rather than leading to natural bodies of water is a focus
to reduce pollution.

e Increased knowledge: A major factor for preventing soil erosion is educating more and more
people who work with the land on why it is a concern, and what they can do to help reduce
it. This means outreach to farmers in susceptible areas for ways that they can help protect
crops from inclement weather, or ways that they can help make sure their soil remains
compact without restricting their plant growing activities.

e  https://youtu.be /im4HVYXMGI6 8
e  https://study.com/academy /lesson/soil-erosion-effects-prevention.html

9.4 Landslides

9.4.1 Value, Benefits and Limitations of Vegetation in Reducing Erosion

By Elliott Menashe, Greenbelt Consulting

FIGLIRE I. ROLE OF VEGETATICHNM 1M REDUCIMG ERQSION AMD
STABILIZIMG SLOPES. (MEMASHE, 1993)
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llustracién 17 Role of vegetation in reducing erosion and stabilizing slopes (Menashe, 1993)
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Trees, shrubs, and groundcovers can maintain slopes and reduce erosion from surface water, shallow

groundwater and, to some extent, coastal processes. Evergreen trees and other vegetation are most
valuable and able to protect soil and remove water during the winter months when deciduous plants are
dormant. A diverse mix of both evergreen and deciduous plants provides the greatest protection.

Plants can also have value as sight and sound barriers, discourage access to hazardous areas, and
define space in a yard. Native plants enhance wildlife habitat by providing nesting and hiding cover,
food, and safe travel corridors. Once established, native plants require little maintenance or care.
Species should be chosen for their ease of establishment, adaptability, usefulness, and availability.

Extensive lawns, especially in the vicinity of the bank crest, should be avoided because grass tends to
increase surface-water sheetflow during wet conditions when soils are saturated. Low-growing evergreen
or perennial plants should be established on the upper crest of the bank.

9.4.2 The Value of Vegetation in Stabilizing Slopes

Foliage intercepts rainfall, causing absorptive and evaporative losses that reduce surface water runoff
and erosion.

Evergreen trees and shrubs continue the metabolic activity known as evapo-transpiration, which extracts
moisture from the soil, throughout the year. As logging or clearing occurs, water table levels rise, and
soils remain saturated for longer periods, reducing soil cohesion and increasing the rate of land slides.

Roots reinforce the soil, increasing lateral soil sheer strength and cohesion during saturated conditions.
Many slopes can persist beyond their angle of repose and remain stable as a result of the complex root
networks within soil blocks.

Tree roots anchor soil strata vertically and laterally by means of large-diameter structural roots. These
roots may extend well beyond the tree’s canopy or crown.

Roots, especially the fine feeder roots of trees, shrubs and groundcovers, bind soil particles at the ground
surface, reducing their susceptibility to surface erosion and slumpage during saturated soil conditions.

Large trees can arrest, retard, or reduce the severity and extent of failures by buttressing a slope. This
works in much the same way as retaining walls. In the case of trees, though, the system is to some extent
self-repairing, and it becomes progressively stronger over time, whereas engineering structures are
strongest when installed and become progressively weaker over time. Obviously, planted trees need
adequate time to develop root systems and become effective in stabilizing slopes.

Limitations of Vegetation
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FIGURE 1L QONCEFTUAL GRAPH INDICATIMG ROOT STREMGTH
DETERIORATION AFTER CUTTING (R SIDLE, | 984)
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llustracién 18 Conceptual graph indicating root strength deterioration after cutting (R. Sidle. 1984)

The limitations of vegetation in preventing, reducing or arresting slope failures and erosion is often due
to previous land management practices such as logging, topographic alterations, increased or
channelized surface water flow, and wholesale clearing. Once initiated, slope failures require an
expenditure of time, effort, critical planning and money to stabilize them successfully. The use of
vegetation in particular requires foresight and several years of monitoring and maintenance until plants
are established and effective. Establishment can take up to three years. It can take up to 15 years for
shrubby vegetation to develop the values discussed above, even longer for trees to reach sufficient
stature to be effective. The impacts of tree cutting on steep slopes can take several years to become
apparent, as illustrated in figure 2.

Landowners need to be aware that not all vegetation provides effective erosion control. Just because it is
green does not necessarily mean it works. Such common species as Himalayan blackberry, horsetails,
English ivy, and red alder are often present on disturbed slopes and have limited erosion control value.
Blackberry and ivy, in particular, tend to discourage more desirable vegetation from becoming
established.

In some situations a combination of geotechnical engineering and vegetative techniques are required to
assure a practical solution to slope problems. The best time to employ inexpensive relatively vegetative
means is before severe failures occur. Note: It should be clearly understood that unusually harsh climatic
conditions prior to full development of a vegetative root matrix could result in failure or partial failure of
such a slope stabilization system. Landscape contractors should have an understanding of the processes
affecting slopes, techniques to be employed to ensure success, and the potential hazards of working on
steep slopes in vulnerable areas.

There are several situations where vegetation is relatively or completely ineffective in protecting a slope
from failure. These include: (1) lower banks subject to wave attack; (2) areas of deep-seated geologic
instability; (3) bluffs near vertical; and (4) unstable areas too wet or dry for vegetation to become
established.

9.4.3 Recommendations

Plantings in areas that have not recently been subjected to slope failures are a wise investment.
Preventive measures, employed before serious problems occur, are relatively inexpensive. Bear in mind
that plantings of more desirable species to replace existing species such as red alder should be well
established (2-3 years) before alders are removed, in order to maintain adequate soil-binding benefits
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within the effective root zone (ERZ) of the cut trees. The ERZ can be approximated as a one-foot radius

of lateral root extent for every inch of diameter of the tree’s trunk. Preparatory to planting, alders (as
well as cherry) can be thinned to a spacing that will not compromise slope integrity during the
establishment period. Tree cutting on slopes without replanting can have serious future consequences as
illustrated in figure 2.

Proper selection of shrub and tree species for position on the slope will minimize view maintenance
requirements while greatly improving slope stability. Care should be taken in selecting species that thrive
under site-specific conditions found locally on the slope. These include soil moisture, light/shade, and
rooting type.
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10. EXAMPLES OF CASE STUDIES ANALYSED WITHIN THE ECOMED PROJECT FRAMEWORK

Case study analyses throughout the project, construction and monitoring stages are presented in teh Ecoe
dporject web site (www.ecomedbio.eu) . The assessment of the intervention performance, conclusions and
improvements are also shown. The main sections to be addressed for analysisng the soil bioengineerign
work troughout its service life are the following:

The intervention area description:

Main problems to be addressed in the intervention:

Main information for the project description:

Main strategy followed within the project:

Main results and calculation obtained in the project:

Main soil and water bioengineering techniques used:

Construction stage analysis:

Monitoring stage analysis:

Performance analysis:

Proposals of improvements for future soil and water bioengineering works:
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12. ASSESSMENT AND FEEDBACK

This module is continuously assessed during the course of the semester. The assessment comprises practical
works and theoretical exams. The pass mark for this module is 50% - you must achieve an overall
aggregate of 50%. The weightings of each assessment are as shown in the table above.

Full details of the course works are contained in the Coursework Briefs which will be issued in due course.

Note: Failure to submit the coursework for the appropriate deadline without ‘good cause’ will be
regarded as a non-submission, and hence will result in failure in this module. If you have a good reason
for needing an extension to the deadline, you must discuss this with the module leader beforehand, or if
this is not possible, within seven days of the published hand-in date.

To help you guide your development you will be provided with feedback on your performance
throughout the module. This feedback will generally be presented to the class as a whole in which
general comments about common positive and negative aspects of the cohort’s overall performance will
be provided. You will be given an opportunity to individually review your marked work to help you
understand which aspects of your studies you are performing well in and which aspects require further
attention. These comments will be made with regard to both the communication skills (i.e. spelling,
grammar and presentation) as well as the technical content of the module. You are entitled to keep
marked submissions for your review - however, you must return these when asked by the Module Leader
or Module Tutor.
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13. DIRECTED LEARNING AND PRIVATE STUDY

As you are expected to 'read' for your degree, you will spend about as much time in directed reading
and private study as in enhancement sessions. This is non-negotiable and, therefore, lecturing staff will
expect you to be up to date with the current theme.

The indicative reading for this module comprises mainly open-source documents accessible to all in
electronic format. Local libraries hold a large stock of basic reference texts which are available on short
and extended loan. Academic libraries subscribe to a number of professional journals/magazines
published by the leading professional bodies, and you will be expected to demonstrate evidence of
having sourced information from these in your coursework activities.

You should also make use of web-based materials and visit appropriate sites to develop a wider
knowledge of the key issues and activities of not only your chosen discipline, but also in other related
fields.

Please refer to the Module Descriptor for a detailed reading list. However, you may also wish to have a
look at a number of Internet sources of information, which will be given in the References / Learning
Resources section.
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14. MODULE DIFFICULTIES AND EVALUATION

If you have a particular problem with the academic content or the completion of any aspect of the
module, please speak to the module leader in the first instance. If the problem persists, you should speak
with your employer or Academic tutor.

A module evaluation form will be made available to you on-line after the module is complete and you
will be asked to address the set questions carefully and make any comments about the module in order
to help us develop and improve the module content and delivery. These forms are analysed
(anonymously) and the findings considered by the appropriate professional organisation as part of the
Quality Assurance processes. However, please feel free to contact the module leader with comments that
you may have about the module in the first instance.

69-155



I-' C n N F D SPECIALISATION PROCESS FOR THE ECOENGINEERING SECTOR IN THE

MEDITERRANEAN ENVIRONMENT

15. PERSONAL DEVELOPMENT PLANNING (PDP)

PDP is aimed at help you to develop as an independent and confident learner, not only during your time
with us, but throughout your future career. It also allows more effective monitoring of your progress while
undertaking your degree program studies. The process has been described as

“A structured & supported process undertaken by individuals to reflect upon their own learning and
performance, and/or achievement, and to plan for their personal education and career development.”

As a member of a professional graduate community, you will be required to undertake Continuing
Professional Development throughout your career. Learning therefore must be seen as a lifetime activity,
and the introduction of PDP at the early stages of your career prepares you for these future
requirements. PDP provides an opportunity for you to develop your capacity for learning by getting you
to reflect on why and how you are learning, and to become more capable of reviewing, planning and
taking responsibility for your studies. All of the foregoing will of course be supported by staff, in
particular your Academic Tutor. The key objectives of the PDP process can be summarized as follows:

. To help you become a more effective, independent and confident self-directed learner

. To understand how you are learning and be able to relate that learning to a wider context

. To improve your general skills for study and career management

. To articulate your personal goals and evaluate your progress towards these

. To encourage you to develop a positive attitude to learning throughout your professional life.

Access to a wide range of services, information and software can be made through the home page of
the course: himl. . You will be automatically given access to the resources of the
different involved Universities and Enterprises. A common platform (e.g. Moodle) will be made available
to allow the access to all learning resources and the permanent interaction between teachers and
students as well as supporting many of the assessment procedures.

QUESTIONS FOR THE VIRTUAL LEARNING PLATFORM (VLP)

1. The reinforcing effects of the vegeatig regarding slope stabilization are:
a) Soil additional cohesion
b) Soil reinforcement and buttressing
c) Soil reinforcement, moisture extraction, buttressing and arching
2. The causes of landslides are:
a) Only geological or geotechnical
b) Physical, hydrological, geological, climatic and human
c) Geological, physical, morphological and human
3. Earthflows are always:
a) Fast
b) Slow
c) Can be fast and slow
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4. Slope class and soil resistance to detachment are the main factors affecting

water erosion risks:
a) True
b) This is true only when soil is saturated
c) Soil erodibility is also a major factor affecting water erosion risks.
5. The USLE method is used to:
a) Estimating the slope stability
b) Generate DEM (Digital Elevation Models)
¢) Estimating average anual soil erosion
6. The SLIP4EX model is used for:
a) Hydraulic simulations
b) Plant communities dynamic simulation
¢) Incorporating plant effects in slope stability analysis
7. Checkdams are structures used for:
a) Protecting riverbanks
b) Fixing dunes
c) Erosion control in gullies
8. The live stakes can be classified as a:
a) Soil protection technique
b) Ground stabilization technique
c) Combined construction technique
9. In slope stability analysis, a factor of safety greater than 1 means that:
a) The soil of the slope is saturated
b) The slope is unstable
c) The slope is stable
10. The mechanical reinforcement provided by plant roots can be expressed as:
a) An additional cohesion
b) A higher angle of internal friction
c) A higher soil moisture content
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1. MODULE DESCRIPTOR

Status: core
Credit Points (ECTS): 3
Pre-requisite knowledge: Physics and Mathematics,

Module structure:

Activity Total Hours

Lectures 20

Tutorials 10

Seminars 2

Practical 10

Independent learning 30

Assessment 3

Total 75 hours (1ECTS=25 hrs)

1.1 Summary of module content:

Soil and water bioengineering techniques play an important role within the restoration of fluvial
scenarios for both riverbanks stabilization and the regeneration and revitalization of fluvial
ecosystems.

For an adequate and effective design and construction of water bioengineering techniques, both
hydrology and hydraulics concepts are essential. From the watershed scale to the river reach
detail, the analysis of morphological, hydrological, hydraulic and biotic parameters will support
the decision making process regarding the intervention approach and the intervention intensity.
The necessary background in Hydrology and Hydraulics is shown below.

In watercourses, the Hydraulics and Hydrology module analyses the surface processes in which
water intervenes in the watershed.

The components of the hydrological cycle involved in the generation of runoff and peak flow are
analysed, as well as those that subtract water by interception, infiltration, evapotranspiration.
The flow regime, ordinary and extraordinary, is analysed, its generation through water balances
or event models respectively. From the point of view of the effects that the different flows exert
on the surface of the watershed, surface erosion on hillslopes and slopes is studied.

All the preceding analyses are necessary for an effective technique selection, design and
construction of the bioengineering intervention in a fluvial scenario, always complying with the
“minimum intervention” principle.

1.2 Learning outcomes:

On successful completion of this module students should be able to:

Framing bioengineering within in the overall fluvial restoration process.
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The correct selection, design and construction of the water bioengineering techniques based on
the development of the following skills and analyses:

Ability to interpret and analyse water erosion processes. Establish control measures.

Ability to use hydrological models for the calculation of runoff and the characterization and
alteration of the flow regime.

Ability to prepare hydrological studies and reports on watersheds, as well as to prepare
diagnoses and cartographies that allude to hydrological and water erosion issues.

Ability to write watershed restoration projects, including measures to control water erosion.

Knowledge of the basic bibliography of Hydraulics and Hydrology and scientific journals and
main Hydraulics and Hydrological information web pages

Integration of the knowledge acquired about Hydraulics and Hydrology in other subjects of the
course, for the elaboration of multidisciplinary projects and works

Use of basic hydrological models and models of water erosion
Ability to measure and estimate hydrological cycle processes

Ability to diagnose problems related to the hydrological functioning of watersheds and propose
actions for improvement and hydrological restoration

Understanding of hydrological processes and identification of the key factors that determine or
limit their action in each basin

Acquisition of skills for the observation, quantification and investigation of hydrological
processes.

1.3 Teaching/learning strategy:

The teaching and learning strategy will encompass a diverse range of teaching and learning
methods with support material and communication available through the VLE. The delivery of the
modules will encourage an investigative approach and students will be expected to consider how
theories, principles and concepts impact upon learning and application in the work place.

Relevant individual tutorials, discussion groups, group tutorials, practical laboratory and gym
workshops, live data and direct consultation with industry through guest speakers will inform
students, and may prove to be useful in generating avenues of discovery and investigation. The
programme will include scenario exercises which will require informed and applied decision-
making.

Students will use a range of established techniques to initiate and undertake analysis of
information and to propose solutions to individual case studies. They will be encouraged to
communicate information effectively to specialists and non-specialists, and to articulate decisions
and information in a variety of forms.

Students will have the opportunity to further develop essential skills that are explicitly assessed
on the programme.
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The essential skills needed during this programme are those that will enable a student to learn
and to demonstrate learning through the application of theories and principles tackling climate
change.

The overall aim is to use innovative teaching, learning and assessment methods to guide students
towards becoming confident and competent in the provision of solutions for a range of climate
change scenarios.

1.4 Syllabus:

Introduction to water bioengineering
Introduction. The hydrological cycle
The watershed and the river
Hydrological processes

Hydraulics applied to open riverbeds
Erosive processes

The river ecosystems

Restoration of watersheds and rivers
Water bioengineering techniques.

W®O®NOOOGAWDND =

1.5 Transferable skills development:

Setting personal targets and time management.

Learning skills will be enhanced by use of open-source information and IT skills to research and
collate information for case studies.

Communication skills will be enhanced by requiring the use of appropriate language when
writing and speaking to fulfil assignments and when making presentations in seminars.

Group-work skills will be developed to address case study problems including the taking of
initiative and assuming responsibility in carrying out agreed tasks.

1.6 Assessment methods

Component Duration (hrs) | Weighing in | Threshold Description

total module | (min  pass
mark (%) mark, %)

Coursework 1 5 20 50 Framing bioengineering
within in the overall
fluvial restauration
process.

Class test 2 10 50 The correct selection,
design and construction of
the water bioengineering
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techniques based on the
development  of  the
following skills and

analyses:

Practical 10 30 50 Ability to interpret and
analyse water erosion
processes. Establish

control measures.

Exam 3 50 50 Ability to use
hydrological models for
the calculation of runoff
and the characterization
and alteration of the flow
regime.

Total = 20 hours

Assessment Strategy

In line with the innovative nature of this Course, the supporting assessment strategy uses a blend
of assessment methods. Evidence of the achievement of the learning outcomes will be in the form
of:

. Written and practical assignments

d Participation in discussions and scenario exercises
. The production of a portfolio of case studies

. Examination

Both formative and summative assessment methods will be used throughout this programme.
Formative assessment creates a point for both students and tutors from which to appraise
development, consolidate learning and to plan ahead.

Summative assessment allows recognition for progression to further study, informs those involved
of the level of achievement, and validates the learning process.

Students will be expected to apply theoretical understanding in a variety of different scenarios
and employ a range of approaches to expression and articulation in assignments.

At the end of this module, students will have developed the knowledge and skills needed for
enhanced employability opportunities in the area of climate change.

1.7 Participation:

e Level of participation and interaction
e Interest of the content of works and precision in the presentation

e  Punctuality in delivery
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e  Success and rigor in the results presented

e Interest of the content, understanding of knowledge and ability to synthesize. Application
of computer models and applications

e level of writing and use of technical terminology

e Form of presentation

e Evaluation exams

e  Success in the answers to the questions asked

e Clarity in the presentation and correct use of terminology

1.8 Module contacts:

Module leader: Ph. D. José L. Garcia Rodriguez
Module tutor (academic): Ph. D. José Carlos Robredo

Module tutor (industry): Ph. D. Guillermo Tardio and Paola Sangalli
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2. INTRODUCTION TO WATER BIOENGINEERING

2.1 Framework, history, limits and scope of application. Necessary analyses for
the fluvial restoration case.

Soil and water bioengineering is a discipline that combines technology and biology, making use
of plants and plant communities to help protect land uses and infrastructures, and contribute to
landscape development (EFIB, 2015).

Woater bioengineering is defined as the use of living plant as construction material , used alone
or in combination with natural or synthetic support materials, for slope stabilization, erosion
control , and revegetation.

The scope of application of bioengineering includes geotechnical interventions and fluvial and
coastal environment, forestry and constructive interventions in which the pressures of use have to
be compatible with natural systems: extractive activities, linear infrastructures, water depuration,
urban environment.

Water bioengineering is an integrated watershed-based technology that uses sound engineering
practices in conjunction with integrated ecological principles to assess, design, construct, and
maintain living vegetable systems in water environments

Soil and Water bioengineering has a long history with many milestones.

* Tapestries have been found in Chinese emperor’s tombs that depict Chinese peasants’using
willow bundles for streambank stabilization along the Yellow River in the year 28 B.C.

* In Europe, soil bioengineering techniques were used by Celtic villagers to create walls and
fences.

* Romans used wattles and poles for hydro construction.

* The first written record of soil bioengineering was documented by Leonardo Da Vinci (1452-
1519), where he recommended using routable,living willow branches to stabilize agricultural
irrigation channels, thus creating living streambanks.n the 16th century, streambank soil
bioengineering treatments were used throughout Europe.

* In 1791, Woltmann published a soil bioengineering manual illustrating live stake techniques
(Stiles 1991). In about 1800, soil bioengineering Austria were using brush trenches to trap silt
and reshape channels.

* In the 1900s, European soil and water bioengineers were using in many of the treatments in use
today(Stiles 1988).

As these are techniques developed mainly in the countries of the Alpine Arc (Austria, Switzerland,
Germany, ltaly, etc.) for its development within the Mediterranean ecoregion, it is necessary to
adapt them to the specific conditions, based on the first experiences carried out in similar climatic
zones, such as ltaly or France.

Water bioengineering offers an excellent approach to solving many stream problems.
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Projects which are referred to as water bioengineering can range from those that rely almost
solely on plant material to those that primarily rely on inert material to provide bank strength. A
project that relies primarily on inert or hard material will be less flexible than a project that
relies more on plant material for its strength. Thus, the acceptable level of risk, as well as the
tolerance for additional movement at the project areas, will generally steer the project and
techniques selection.

The limits of soil and water bioengineering are the limits of the abilities of plants and plant
communities to fulfill the technical objectives of the intervention (EFIB, 2015).

Success of water bioengineering treatments depends on the initial establishment and long-term
development of riparian plant species. The successful establishment and long-term sustainability
of herbaceous and woody plants are extremely important to the physical and biological
functions of the streams and the connected watershed system.

When selecting the best-suited soil bioengineering techniques, it is important to have a clear
understanding of the ecological systems of the adjacent areas.

Because of the use of plants and parts of plants as building materials, the availability of native
plant materials and seeds can be a limiting factor n the use of water bioengineering techniques.
The elevation and lateral relationships to the stream can be described in terms of riparian
planting zones. Proposed water bioengineering techniques should also be assessed and designed
in terms of the location of the plants relative to the stream and water table. These riparian
planting zones can be used to determine where riparian species should be planted in relation to
the waterline during different periods of flow. For these reasons, both hydrological and
hydraulic analysis must be performed for an effective design of a water bioengineering work.
Besides, the different water bioengineering techniques have a velocity and boundary shear
allowable values. Therefore, each technique is able to withstand a maximum velocity and a
maximum shear boundary values. This flow conditions are also determined in the hydraulic
analyses performed within the water bioengineering project.

Woater bioengineering projects and works follow an integrated approach. Therefore, both
engineering and restoration concepts are necessary for an adequate work design. For this
reason, in the following sections a presentation of hydrology, hydraulics and river restoration
concepts are introduced. Finally, a description of the main water bioengineering techniques is
presented.

LINKS

Article: “Introduccién a la Bioingenieria o Ingenieria Biolégica”. P Sangalli, M Valenzuela.
Espafia. 2008.
Source:http: //www.caminospaisvasco.com /Actividades /bioingenieria /introduccionbioingenieria

(Bioingenieria definicién y finalidades, Antecedentes de la bioingenieria, Funciones de las
técnicas de bioingneria, Informacién necesaria en los proyectos y trabajos de bioingenieriq,
Materiales de bioingenieria, Principales técnicas y métodos de ingenieria biolégica, Técnicas de
restauracion Fluvial, Situacion actual en europa - normativa).

Article:“Bioengineering for Streambank Erosion Control”. Hollis H. Allen, James R. Leech. USA.

1997.
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Source:http: / /www.engr.colostate.edu/~bbledsoe /CIVE41 3 /Bioengineering for Streambank E

rosion Control reportl.pdf

(This report synthesizes information related to bioengineering applications and provides
preliminary planning and design guidelines for use of bioengineering treatments on eroded
streambanks. It can be used by both planning and design elements, not as a cookbook, but as a
guide with tools to accomplish bioengineering projects).

Article:"“History of bioengineering techniques for erosion control in rivers in Western Europe”
Source:https: / /www.researchgate.net/publication/24036109
(This article examines the different forms of bioengineering techniques used in the past to

manage rivers and riverbanks, mainly in Europe. We compare techniques using living material
according to their strength of protection against erosion).

Article: “Bioengineering for Water Clean upState-of-the-Art Assessment”.
Source:https: / /digitalcommons.usu.edu /cqi/viewcontent.cgi2article=1102&context=water_rep

(Technical issues, regulatory issues, bioengineering technologies for the accomplishment of
bioremediation, current state of knowledge regarding applications and limitations for
bioengineering).

Article: “Water bioengineering techniques for efficient water harvesting system”.

Source:https: //dspace.lboro.ac.uk /dspace-ispui/bitstream /2134 /30274 /2 /Vasani.pdf

(This paper proposes an alternative to check dam control. An “Eco-friendly flexible check dam —
A case study” with Bioengineering techniques has been described. The results are compared with

conventional check dams and they indicate that saving on construction cost is approximately 55%
with the new alternative suggested, with more water storage).

Video:“Bioengineering techniques create natural-looking and functioning streams in urban
headwater channels, Villa Man Creek, Wisconsin freeway reconstruction project”.

Source:https: //www.youtube.com/watch2v=WHMIE4s )34

(The video talk about lessons learned for establishing critter-friendly bank vegetation in a stream

relocation project).

Article: “History of Bioengineering Techniques for Erosion Control in Rivers in Western Europe”.
Source:https: //link.springer.com/article /10.1007%2Fs00267-009-9275-y
(Introduction, Streambank Stabilization, Water Channeling, Stabilization of River and Torrent

Beds, The Case of the Diois and Baronnies Mountains in the Southern French Prealps).
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3. INTRODUCTION. THE HYDROLOGICAL CYCLE
3.1 Introduction to Hydrology. Importance and relationship with other sciences

Woater is the most abundant substance on earth, the principal constituent of all living things, and
a major force constantly shaping the surface of the earth. It is also a key factor in air-
conditioning the earth for human existence and in influencing the progress of civilization.

The hydrosciences deal with the waters of the earth: their distribution and circulation, their
physical and chemical properties, and their interaction with the environment, including interaction
with living things and, in particular, human beings. Hydrology may be considered to encompass
all the hydrosciences, or defined more strictly as the study of the hydrologic cycle, that is, the
endless circulation of water between the earth and its atmosphere. Hydrologic knowledge is
applied to the use and control of water resources on the land areas of the earth; ocean waters
are the domain of ocean engineering and the marine sciences [Chow et al. 1988].

https: / /www.ethz.ch /content /dam /ethz /special-interest /baug /ifu /hydrology-

dam/documents/lectures/hydrologie /lectures/HYl HS17 Introduction lecture complete.pdf

(The relation of hydrology to the botanical sciences:

https: //agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/TR014i001p00023 )

3.2 Water on Earth and its current problems

Water is the fundamental ingredient for life on Earth. Looking at our Earth from space, with its
vast and deep ocean, it appears as though there is an abundance of water for our use.
However, only a small portion of Earth's water is accessible for our needs. How much fresh water
exists and where it is stored affects us all.http://earthdata.nasa.gov

NASA:https: / /www.youtube.com /watch2v=0aDkph9yQBs

Changes in the distribution, circulation, or temperature of the earth's waters can have far-
reaching effects; the ice ages, for instance, were a manifestation of such effects. Changes may
be caused by human activities. People till the soil, irrigate crops, fertilize land, clear forests,
pump groundwater, build dams, dump wastes into rivers and lakes, and do many other
constructive or destructive things that affect the circulation and quality of water in nature. (Chow

et al. 1988).

(https: / /www.e-education.psu.edu/earth103 /node /720)

Because groundwater systems recover very slowly from human impacts, remediation can be
extremely difficult and expensive. (earth 103. EARTH IN THE FUTURE. https://www.e-
education.psu.edu/earth103 /node /694).
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To know more about water resources and climate change, please, visit this web-page:
https: / /www.e-education.psu.edu/earth103 /node /694

3.3 The hydrological cycle: Storage levels and water transfer processes on Earth

The hydrological cycle is a conceptual model that has most important processes such as
evaporation, transpiration, condensation, and infiltration. Changes in land cover, atmospheric
composition and sea surface temperature alter the hydrological cycle both persistently and on a
temporary basis. Aerosol particles are an important part of the water cycle as they serve as
condensation nuclei for the formation of cloud droplets as well as scattering and absorbing solar
radiation. Christopher G. Collier.

https: //onlinelibrary.wiley.com /doi/10.1002/9781118414965.ch1
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Figure 1Hydrological cycle with global annual average water balance given in units relative to a value of 100
for the rate of precipitation on land. Chow et al. 1988.

To better understanding of hydrological cycle, please click the link below:

https: / /www.youtube.com/watchev=ArBYU1SPZ48

National Science Foundation: This video uses animation, graphics, and video clips to illustrate and
explain each of the "flow" and "storage" processes in the Hydrologic Cycle, more commonly
known as the Woater Cycle: precipitation, interception, runoff, infiltration, percolation,
groundwater discharge, evaporation, transpiration, evapotranspiration, and condensation:

https: / /www.youtube.com /watchev=al-do-HGulk
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LINKS:

Video: “Hydrologic Cycle”. American water college. 2017

https: //www.youtube.com /watch2v=ArBYU1SPZ48

(This video is about the Hydrologic Cycle in this excerpt from the Source Water lecture).

Video: “Earth's Water Cycle”. NASA. 2012.
Source: hitps: //www.youtube.com/watch?v=0aDkphQyQBs

(This animation uses Earth science data from a variety of sensors on NASA Earth observing
satellites as well as cartoons to describe Earth's water cycle and the continuous movement of
water on, above and below the surface of the Earth.).

Article: “Robust Responses of the Hydrological Cycle to Global Warming”. Isaac M. Held, Brian
J. Soden. USA. 2005.

Source: https://journals.ametsoc.org/doi/pdf/10.1175/JCLI3990.1

(This study examines some aspects of the changes in the hydrological cycle that are robust across

the models. These responses include the decrease in convective mass fluxes, the increase in
horizontal moisture transport, the associated enhancement of the pattern of evaporation minus
precipitation and its temporal variance, and the decrease in the horizontal sensible heat
transport in the extratropics).

Article: “The Hydrologic Cycle”. Conserve-energy-future.
Source:https: / /www.conserve-energy-future.com/different-ste ps-of-the-hydrologic-cycle.php

(This article describes the storage and movement of water between the biosphere, atmosphere,
lithosphere, and the hydrosphere. Concept of Hydrologic cycle and Different Steps of the
Hydrologic Cycle).

Article: “Description of the Hydrologic cycle”. National oceanic and atmospheric administration
NOAA- USA.

Source: https://www.nwrfc.noaa.gov/info/water cycle /hydrology.cgi

(This is an education module about the movement of water on the planet Earth. The module
includes a discussion of water movement in the United States, and it also provides specific
information about water movement in Oregon).

Article: “Water management: Current and future challenges and research directions”. William J.
Cosgrove and Daniel P. Loucks. Canadd. 2015.

Source: https: //agupubs.onlinelibrary.wiley.com/doi/epdf/10.1002/2014WR016869

(This paper identifies the issues facing water managers today and future research needed to

better informthose who strive to create a more sustainable and desirable future).

Video: “Carbon Cycle, Water Cycle, Nitrogen Cycle, and Phosphorus Cycle”. Andrew Adamson.
2012.

Source:htips: //prezi.com/od3fg54uk4az /carbon-cycle-water-cycle-nitrogen-cycle-and-

phosphorus-cycle /

(This video describes the relationship of the water click with the nitrogen and phosphorus cycle).
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4. THE WATERSHED AND THE RIVER

4.1 Parts of a river and the river dimensions (vertical, longitudinal, lateral and

temporal dimensions)

As already mentioned, the basic unit of hydrological analysis at an integrated level is the river
basin, and within it also has a relevant importance the drainage network that drives the surface
water flows to the point of delimitation.

It is important to note that the hydrographic basin is delimited from a point in the drainage
network. The object is to know the part of the territory from which they come and circulate the
flows that at a certain moment are passing through the aforementioned point. These flows will be
conditioned, from a quantitative and qualitative point of view, by the type of soils, relief,
vegetation cover, meteorological characteristics, etc., that exist in said area.

Within this territory we can distinguish several zones and characterize them.

4.2 Topographic characteristics

The hydrological characterization of the basins with respect to their topography is structured in
three main aspects: size, shape and relief.

For each one of them, different indices or parameters can be determined to obtain information
about the behavior of the water in the basin. These indexes are oriented to obtain immediately
quantitative values that later allow to qualitatively characterize the basin, being of great utility
for analyzing the phenomena that take place in the same.

Among the most outstanding parameters are: surface, hipsographic curve, altitude and maximum
relief.

4.3 Geological characteristics, soils characteristics and vegetation cover with
hydrological influence

Geology, soil and vegetation cover are three factors with a great influence on the behavior of
water in the basin, being also interrelated.

The geology determines to a great extent the typology of the soil of the zone, also conditioning
the aquifer properties in the basin according to its porosity and permeability.

As for soil, it is one of the limiting factors, together with the climate, for the establishment of
vegetation cover. Its depth, content in organic matter, texture and stoniness are some of its most
influential properties in terms of hydrological behavior. In turn, the type of soil greatly influences
the susceptibility to erosion.
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The vegetation cover plays a very important role in the hydrological behavior of the basin. It
acts as soil protection against erosion, both by runoff and by impact of rainfall, and influences
the water cycle through the processes of interception, infiliration and evapotranspiration. In
addition, it is the basic element of forest hydrological restorations.

4.4 The drainage network

It is defined as the set of water courses (natural or artificial, permanent or temporary)
hierarchically organized that participate in the drainage of a basin. The characteristics of it are
one of the factors that influence the hydrological behavior of the basin.

Density of drainage, number of order of the rivers and the longitudinal profile of the same, are
some of the most important characteristics of a network. These, also with the form, are
determining factors for estimating the time of concentration of the basin, being able to vary the
form of the resulting hydrographs depending on the type of existing drainage network.

LINKS:

Video: “What is a watershed?”. North Texas Municipal Water District. 2017

Source: hitps: //www.youtube.com/watch?2v=QoqgzJ Af6LQ

(This video is about concept watershed, how water flows into your primary drinking water source
- Lavon Lake. By protecting your watershed and the environment around it, you can help improve
the quality of the water you drink).

Video: “Watersheds conservation”. WWF Guatemala / Mesoamerica. 2017

Source: hitps://www.youtube.com/watchev=aq AydC77Gs

(This video is about Watershed conservation that is vital to guarantee water quality and quantity
for the future).

Book: “Entering the Watershed: A New Approach To Save America's River Ecosystems”. Robert
Doppelt, Mary Scurlock, Chris Frissell, James R. Karr

(Source:https: / /books.google.es/books?hl=es&Ir=&id= M2gWgcb-
hcC&oi=fnd&pg=PR7&dq=The+watershed+and+the+river&ots=dxypL2Q1D5&sig=ygJzVLOU
5THPerWQIBW JB2D7 SDM#v=onepage&q=The%20watershed%20and%20the%20river&f=fal
se)

Article: “Determination of the drainage structure of a watershed using a digital elevation model
and a digital river and lake network”. Author R Turcotte, J.-P Fortin, A.N Rousseau, S Massicotte,
J.-P Villeneuve. Canadd. 2001.

Source: https: / /www.sciencedirect.com/science /article /pii /S0022169400003425

(This video is about distributed hydrological models require a detailed definition of a

watershed’s internal drainage structure. The conventional approach to obtain this drainage
structure is to use an eight flow direction matrix (D8) which is derived from a raster digital
elevation model (DEM). However, this approach leads to a rather coarse drainage structure

20-180


https://www.youtube.com/watch?v=QoqgzJAf6LQ
https://www.youtube.com/watch?v=aq_AydC77Gs
https://books.google.es/books?hl=es&lr=&id=_M2gWgcb-hcC&oi=fnd&pg=PR7&dq=The+watershed+and+the+river&ots=dxypL9Q1D5&sig=ygJzVL0U5THPerW9IBWJB2D7SDM#v=onepage&q=The%20watershed%20and%20the%20river&f=false
https://books.google.es/books?hl=es&lr=&id=_M2gWgcb-hcC&oi=fnd&pg=PR7&dq=The+watershed+and+the+river&ots=dxypL9Q1D5&sig=ygJzVL0U5THPerW9IBWJB2D7SDM#v=onepage&q=The%20watershed%20and%20the%20river&f=false
https://books.google.es/books?hl=es&lr=&id=_M2gWgcb-hcC&oi=fnd&pg=PR7&dq=The+watershed+and+the+river&ots=dxypL9Q1D5&sig=ygJzVL0U5THPerW9IBWJB2D7SDM#v=onepage&q=The%20watershed%20and%20the%20river&f=false
https://books.google.es/books?hl=es&lr=&id=_M2gWgcb-hcC&oi=fnd&pg=PR7&dq=The+watershed+and+the+river&ots=dxypL9Q1D5&sig=ygJzVL0U5THPerW9IBWJB2D7SDM#v=onepage&q=The%20watershed%20and%20the%20river&f=false
https://www.sciencedirect.com/science/article/pii/S0022169400003425

F C 0O N F D SPECIALISATION PROCESS FOR THE ECOENGINEERING

SECTOR IN THE MEDITERRANEAN ENVIRONMENT

when monitoring or gauging stations need to be accurately located within a watershed. This is
largely due to limitations of the D8 approach and the lack of information over flat areas and

pits).

Article: “Connectivity: Four dimensions”. Department natural resources
Source: https: //www.dnr.state.mn.us /whaf /about /5-component /dimensions.html
(This video is about of the connectivity refers to the flow, exchange and pathways that move

organisms, energy and matter throughout the watershed system. These interactions create
complex, interdependent processes that vary over time. As with hydrology, stream connectivity
can be described in four dimensions: longitudinal, lateral, vertical, temporal).
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5. HYDROLOGICAL PROCESSES

5.1 Precipitation

Precipitation is water delivered to Earth from the atmosphere in solid or liquid states. It is the
major source of water to a watershed system including streams, springs, soil moisture,
groundwater, and vegetation. However, not all rains or snows from a storm event will reach the
ground. Before reaching the ground, part of precipitation will be intercepted and retained by
the aerial portions of vegetation and ground litter. The intercepted precipitation will be either
vaporized back to the air or dripped to the ground. This process, called forest interception, can
affect precipitation disposition, soil moisture distribution, and the impact energy of raindrops on
the soil. The amount of interception loss is determined by storm and forest characteristics (Chang
M. 2003).

5.1.1 Origin and types of rainfall. Measurement and characterization. Temporal trends

e Types of rainfall

According to the content explained on pmfias website [https://www.pmfias.com/precipitation-
types-rainfall-conventional-rainfall-orographic-rainfall-frontal-rainfall-cyclonic-rainfall-
monsoonal-rainfall/], on the basis of origin, rainfall may be classified into three main types — the
convectional, orographic or relief and the cyclonic or frontal.

e Rainfall record. Measurement and characterization

The rainfall measurement is made in a timely manner on the ground, and the data refer to the
surface unit. The usual unit is "liters / m2", which is equivalent to 1 mm of water height in an area
of 1 m2

The relationship between the fallen precipitation and its time interval gives us the Intensity (mm /
h). A rainfall intensity value is assumed constant over the time interval with which it has been
calculated and, therefore, we speak of average intensity.

e Analysis of a storm from the point of view of its maximum values

If the interest is limited to knowing the amount of precipitation that has fallen in a certain time
interval to analyze the data from the point of view of the Water Resource, the study of the
variation of the rain corresponding to said interval (normally day, month or year) over time does
not require a special previous analysis of the recorded information.

If the focus is on torrential avenues, the intensity of the rain is very important, since these events
are closely related to this magnitude. As has been said, fo be able to analyze intensity
variations, it is necessary to have pluviographic records and the intensity values handled will
almost always be average values related to a certain time interval. This time interval, used to
calculate the intensity, is variable and will depend on the destination of said data.

In the analysis of torrential events, we are interested in the maximum intensity values that may be
arisen, since the maximum flows that can be reached will depend directly on said maximum
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intensities, modulated by the characteristics of the watershed at the point of the analyzed
channel.

5.1.2 Intensity-Duration-Frequency.

To deal with the design of the storm of calculation, when we are going to work with small and
medium watersheds, we need to know the possible maximum values of precipitation in "short"
time intervals (less than 24 hours). Storms usually last for hours, not days. As we only have the
corresponding data for 24 hours, we need to be able to estimate the maximum rainfall for small
intervals, hours or even minutes, from said daily data.

For this, we turn to mathematical formulations of height-duration or intensity-duration curves that,
duly adijusted to the area in which we work, allow us to work with data associated with small
intervals.

Starting from the available data of maximum rainfall in 24 hours for different return periods, we
obtain the corresponding maximum daily average intensities

T
T _ P24h
¢ 24
With these data we can elaborate the Intensity-duration-frequency curves, and their

corresponding height-duration-frequency curves (it is enough to multiply by the time interval or
divide by it, as appropriate, to move from one to another).
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Figure 2 Height-Duration-Frequency curves.
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5.1.3 Probabilistic treatment of Hydrologic Data

To perform the statistical study of a certain maximum data, and analyze its probability of
occurrence over time, it is necessary to have a more or less large number of records. The broad
series, in terms of number of years recorded and spatial distribution correspond mostly to daily
records (24 hours of time interval read at a certain time each day, for example at 8:00 a.m.).

To analyze the frequency with which the different values of daily precipitation can be reached,
we can discretize the continuous value that is being analyzed in 10 mm intervals, each interval
labeling with the corresponding average value. This gives us an idea of the most frequent
maximum values, constituting the density function f(x). If we accumulate the maximum events that
fall below a certain precipitation value it would give us an idea of the distribution function F(x),
and dividing the accumulated event values by the total number of events we would obtain the
probability that a certain value of rainfall is not overcome.
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Figure 3. Examples of density function and distribution function of analysed series in San Fernando, Cddiz
(Spain).

There are statistical expressions that can represent these distributions. In general the maximum
values do not follow a NORMAL distribution, but they have a certain bias towards the highest
values. These types of functions are called extreme value functions and are better adapted to
the form presented by the series of maximum values such as the one we are analyzing. An
example of this type of distribution is the GUMBEL function.

To adjust the different distribution functions available, three values are used:
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- The position, associated with the average of the series.
- The scale, associated with the standard deviation
- The asymmetry, associated with the asymmetry coefficient

The distribution functions have a certain number of parameters that allow adjusting the
mathematical expression to the values of the series. Normally they usually have two or three
parameters. The more parameters you have, the better the adjustment that can be made to the
data series, but in return, if the series does not have a large number of data, the inclusion of
some new data can cause the adjustment to change, and the results of probability can be
modified appreciably. The functions of two parameters are more stable in this regard.

As an example we have (Figure 5):
GUMBEL: It has two parameters and assumes a coefficient of fixed asymmetry equal to 1.14

SQRT: It has two parameters and a coefficient of asymmetry variable depending on the sample,
but always higher than 1.14

GEV: It has three parameters.
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Figure 4. NORMAL function (on the left) and function of extreme values (on the right).
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Figure 5 Different distribution functions of exfreme values.

(To know more: https: //www.pmfias.com/precipitation-types-rainfall-conventional-rainfall-

orographic-rainfall-frontal-rainfall-cyclonic-rainfall-monsoonal-rainfall / )

LINKS:

Video: “Geography-Types of Rainfall”. Angel. 2018
Source:https: //www.youtube.com/watch2v=LtG5wMjgKZY
(This video is about the behavior of the types of rainfall).

Article: “Winter precipitation over the Iberian peninsula and its relationship

to circulation indices”. C. Rodriguez, A Encinasand J. Sédenz. Espaiia. 2001.

Source: https: / /www.hydrol-earth-syst-sci.net/5/233 /2001 /hess-5-233-2001.pdf

(This article is about winter precipitation variability over the Iberian Peninsula was investigated

by obtaining the spatial and temporal patterns).

Book: “Hydrology: An Advanced Introduction to Hydrological Processes and Modelling”. 2Arved
J. Raudkivi.

Source:https: / /books.google.es/booksehl=es&Ir=&id=Iu3fBAAAQBAJ&oi=fnd&pg=PP1&dqg=H
ydrological+processes+precipitation&ots=hs25B4vemc&sig=Af5 s4e46tDhOx30IVUPmomueUA
#v=onepage&qg=Hydrological%20processes%20precipitation&f=false

(The text is orientated toward discussion of the hydrological processes and methods of estimation
of the various quantities involved).

Article: “Factors Affecting the Response of Small Watersheds to Precipitation in Humid Areas”.
John D. Hewlett And Alden R. Hibbert. 1966.
Source: http://coweeta.uga.edu/publications/851.pdf

(This video is about the runoff processes in forested headwaters relates quick rises in streamflow
to variable source areas and subsurface translatory flow, or the rapid displacement of stored
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http://coweeta.uga.edu/publications/851.pdf

I_ C 0O N I_ D SPECIALISATION PROCESS FOR THE ECOENGINEERING

SECTOR IN THE MEDITERRANEAN ENVIRONMENT

water by new rain. Because this makes the classification of hydrograph components difficult, if
not impossible, a numerical rating system, the response factor, was developed from precipitation
and streamflow records for use in classifying the hydrologic response of small watersheds in
humid areas.).

Article: “The role of hydrological processes in ocean-atmosphere interactions”. Advancing, earth
and space science — AGU 100.
Source: https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/94RG01873

(This article explains why large-scale convection in the tropical atmosphere is constrained to lie

within the 28°C sea surface temperature contour and how hydrological processes are involved in
interannual climate variability).

5.2 Evaporation and Interception

5.2.1 Water evaporation. Factors involved

The two main factors influencing evaporation from an open water surface are
the supply of energy to provide the latent heat of vaporization and the ability to
transport the vapor away from the evaporative surface. Solar radiation is the main
source of heat energy. The ability to transport vapor away from the evaporative
surface depends on the wind velocity over the surface and the specific humidity
gradient in the air above it. (Chow et al. 1988).

Evaporation from the land surface comprises evaporation directly from the
soil and vegetation surface, and transpiration through plant leaves, in  which
water is extracted by the plant's roots, transported upwards through its stem,
and diffused into the atmosphere through tiny openings in the leaves called
stomata. The processes of evaporation from the land surface and transpiration
from vegetation are collectively termed evapotranspiration (ET). (Chow et al. 1988).
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Figure 6.Control volume defined for continuity and energy equation development for an evaporation pan.

Source: Chow et al. 1988.

5.2.2 Evapotranspiration. Factors involved. Measurement and estimation

Evapotranspiration is influenced by the two factors described previously for open water
evaporation, and also by a third factor, the supply of moisture at the evaporative surface. The
potential evapotranspiration is the evapotranspiration that would occur from a well vegetated
surface when moisture supply is not limiting, and this is calculated in a way similar to that for
open water evaporation. Actual evapotranspiration drops below its potential level as the soil
dries out (Chow et al. 1988).

Evapotranspiration may be measured by means of lysimeters. A is a tank of soil in which
vegetation is planted that resembles the surrounding ground cover. The amount of
evapotranspiration from the lysimeter is measured by means of water balance of all moisture
inputs and outputs (Chow et al. 1988).

A. Potential evapotranspiration

The estimate of watershed ET losses is often referred to as the concept of potential
evapotranspiration (PE). It is, as defined by Thornthwaite (1948) and Penman (1963), the total
water loss in vapor state from the center of an extended surface completely covered by short,
even-height green vegetation with no limit on water supply. This definition emphasizes that the
advective heat exchanges to and from the surroundings are insignificant, the heat flux from
canopy to soil is negligible, water loss is independent of vegetation and soil type, and the solely
limiting factor of PE is available energy. Thus, PE is the upper limit of ET under a given climatic
condition and cannot exceed free water evaporation. In practice, PE =- ET if water supply to
plants is unlimited or if monthly PE is less than monthly precipitation (Chang, M. 2003).

The concept of PE is widely accepted and frequently applied in geographic studies, climate
classifications, and water-resources research, planning, and management. However, the PE
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concept is questionable if it is applied to small, forested watersheds. This is because of the
tremendous effects on energy availability of forest density, species composition, the physiological
and phenological behavior of woody plants, topography, and advective heat exchange. It also
is invalid if it is applied to a body of pure water (Chang, M. 2003).

B. Actual evapotranspiration

When water supply for vaporization is deficient or soil moisture content is below the field
capacity, then vaporization cannot proceed at the potential level. Thus, the actual
evapotranspiration (AE) is only a fraction of PE, or:

AE = q(PE)

where the fraction a is affected not only by soil moisture content but also by climate and species.
It is the so-called crop coefficient in agricultural irrigation (Chang, M. 2003).

5.2.3 Interception of rainfall. Factors involved. Measurement and estimation

The amount of precipitation captured by vegetation and trees is determined by comparing the
precipitation in gages beneath the vegetation with that recorded nearby under the open sky.
The precipitation detained by interception is dissipated as stem flow down the trunks of the trees
and evaporation from the leaf surface. Stem flow may be measured by catch devices around
tree trunks (Chow et al. 1988).

LINKS:

Video: “Interception”. H Guan. 2015.

Source: hitps: //www.youtube.com/watch2v=iFNYBHQY xjk

(This presentation is on the hydrological processes occurring when rain falls on canopy
vegetation).

Article: “Snow interception evaporation. Review of measurement techniques, processes, and
models”. A. Lundberg, S. Halldin. Spain. 2001

Source: https://link.springer.com/article /10.1007 /s007040170010

(This article is about global warming, primarily affecting wintertime conditions at high latitudes

will influence the functioning of the boreal forest and water-balance equation that is evaporation
of snow intercepted in forest canopies).

Article: Spatial and temporal characteristics of rainfall in Africa: Summary statistics for temporal
downscaling

Source: https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2014WR015918

(The present study deals with rainfall patterns that are analyzed in the African continent from

quarterly estimates of the Tropical Rainfall Measurement Mission (TRMM) of 0.25 ° between
1998 and 2012 to produce monthly statistical summaries).
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5.3 Infiltration. Water in the soil

A body of water moving over Earth's surface in a network of channels such creeks, or rivers is
called streamflow, a term that is often interchangeable in use with discharge or runoff. Water in
stream channels comes from one or all of the four components (Chang, 2003):

(1) Precipitation intercepted by stream channels,

(2) Overland flow (surface runoff)

(3) Interflow (subsurface runoff)

(4) Baseflow (groundwater runoff).

Infiltration is the process of water penetrating from the ground surface into the soil. Many factors
influence the infiltration rate, including the condition of the soil surface and its vegetative cover,
the properties of the soil, such as its porosity and hydraulic conductivity, and the current moisture
content of the soil. Soil strata with different physical properties may overlay each other, forming
horizons; for example, a silt soil with relatively high hydraulic conductivity may overlay a clay
zone of low conductivity. Also, soils exhibit great spatial variability even within relatively small
areas such as a field. As a result of these great spatial variations and the time variations in soil
properties that occur as the soil moisture content changes, infiltration is a very complex process
that can be described only approximately with mathematical equations (Chang, 2003).

5.3.1 Infiltration of rainfall. Factors involved

Infiltration refers to the entry of water into the soil, a combined process of capillary attraction
and gravitation along with the pressure due to water ponding at the ground surface. The
infiltration rate is high at the initial stage and declines with time as soil voids such as animal
burrows, root tunnels, interstices, and macro- and micropores gradually fill with water. It will
eventually decline to a constant at which the infiltration rate is equal to the rate of water
drained out through the soil profile by gravity. This process of draining water to deeper layers is
called percolation (Chang, 2003).

Water movement into and through soil profiles is affected by a variety of factors
reflecting the surface and subsurface conditions and flow characteristics. Surface conditions such
as type of vegetation cover, land management practices, roughness, crusting,
cracking, surface temperature, slope, and chemicals have a significant impact on surface
ponding, overland flow velocity, and ability of the water to enter the soil. Conditions
under the ground can include soil texture, structure, organic-matter content, depth, compaction,
voids, layering, water content, groundwater table, and root system. These factors
affect soil water-holding capacity and ability of water movement. For a given soil, the
infiltration in a forest can be many times greater than that over bare ground. Also, infiltration is
greater for warmer water containing less sediment (Chang, 2003).
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5.3.2 Humidity of the soil. Measurement. Water potential. Characteristic curves of water
retention in the soil

The distribution of soil moisture within the soil profile during the downward movement of water is
illustrated in the next figure. There are four moisture zones: a saturated zone near the surface, a
transmission zone of unsaturated flow and fairly uniform moisture content, a wetting zone in
which moisture decreases with depth, and a wetting front where the change of moisture content
with depth is so great as to give the appearance of a sharp discontinuity between the wet soil
above and the dry soil below. Depending on the amount of infiltration and the physical
properties of the soil, the wetting front may penetrate from a few inches to several feet into a
soil (Hillel, 1980).

The infiltration rate I. expressed in inches per hour or centimeters per hour, is the rate at which
water enters the soil at the surface. If water is ponded on the surface, the infiltration occurs at
the potential infiltration rate. If the rate of supply of water at the surface, for example by
rainfall, is less than the potential infiltration rate then the actual infiltration rate will also be less
than the potential rate. Most infiliration equations describe the potential rate. The cumulative
infiltration F is the accumulated depth of water infiltrated during a given time period and is
equal to the integral of the infiliration rate over that period:

F(t) = L f(ndr

0 Moisture content ——»
¥ £ Saturation zone 5 #*
™~ Transition zone
Transmission

zone

Wetting
zone

Wetting front

Figure 7 Moisture zones during infiltration

Soil Water Potential
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Soil water potential is the driving force behind water movement. The main advantage of the
"potential" concept is that it provides a unified measure by which the water state can be
evaluated at any time and everywhere within the soil-plant-atmosphere continuum (Hillel, 1980).

Soil water is subject to a number of forces. These forces include gravity, hydraulic pressure, and
the attraction of the soil matrix for water, the presence of solutes, and the action of external gas
pressure (Hillel, 1980). At any point in the soil, total soil water potential is the sum of all of the
contributing forces.

5.3.3 Movement of water inside the ground. Hydraulic conductivity and soil permeability

Hydraulic conductivity

Saturated hydraulic conductivity is a quantitative measure of a saturated soil's ability to transmit
water when subjected to a hydraulic gradient. It can be thought of as the ease with which pores
of a saturated soil permit water movement.

Permeability

According to the content explained on USDA website:
[https://www.nres.usda.gov/wps/portal /nres /detail /soils /ref /2cid=nrcs142p2_053573],  the
term "permeability” has three separate, but related, meanings:

1. In soil science, permeability is defined qualitatively as the ease with which gases, liquids,
or plant roots penetrate or pass through a soil mass or layer (SSSA, 2001).

2. "Intrinsic permeability" or permeability (k) is a quantitative property of porous material
and is controlled solely by pore geometry (Richards, 1952). Unlike saturated hydraulic
conductivity, intrinsic permeability is independent of fluid viscosity and density. It is the
soil’s hydraulic conductivity after the effect of fluid viscosity and density are removed. It
is calculated as hydraulic conductivity (K) multiplied by the fluid viscosity divided by fluid
density and the gravitational constant. Permeability (k) has the dimension of area (e.g.,
cm?2). Table 1 provides a comparison of saturated hydraulic conductivity and intrinsic
permeability.

3. In some cases, permeability has been used as a synonym for Ks, even though some other
quantity was originally used to convey permeability. For example, in the permeability
studies by Uhland and O'Neal (1951), flux (under hydraulic gradient greater than one)
was the true quantity measured to convey a soil's permeability. Darcy’s law
demonstrates that flux is numerically equal to Ks only when the hydraulic gradient is
equal to one. Therefore, the flux values reported in these studies were not synonymous
with Ks. Over time, however, the original flux values from Uhland and O’Neal became
misrepresented as Ks without qualification. This misrepresentation has led to confusion
and misapplication.

The different meanings for permeability are not scientifically interchangeable. Indeed, the
explicit meaning of the term "permeability" may not be discernable from written or verbal
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context alone. The first of the three meanings carries no quantitative implications, whereas the
second and third have specific, quantitative applications. Confusion often arises because the
meanings are overlapping. Present scientific convention avoids use of the third meaning entirely
and is an important reason for using saturated hydraulic conductivity (Ks).

LINKS:

Avrticle: “Effects of soil water repellency on infiltration rate and flow instability”. ZWanga, JWua,
LWouaq, C Ritsemab, L Dekkerb and JFeyenc.

Source: https://www.sciencedirect.com/science /article /pii/S0022169400002006

(he next article is about the infiltration experiments were carried out to quantify the effects of

soil water-repellency on infiltration rate and the wetting front instability).

Article: “Relationship between precipitation and the infiltration depth over the middle and lower
reaches of the Yellow River and Yangtze-Huaihe River Valley”. Z Haoa, Z Quansheng, GXifeng.
2008

Source: https: //www.sciencedirect.com/science /article /pii /S1002007108002141

(The purpose of the paper is to extract and make the best use of rainfall information contained

in the Chinese historical archives of Qing Dynasty, and reconstruct the precipitation series during
1736—1911. The study followed the Yu-Fen-Cun (rainfall infiltration depth) observation method
in Qing Dynasty, to conduct soil infiltration experiment under the natural rainfall conditions
during 2004—-2006).

Video: “What’s an aquifer?”. GeoScience Videos. 2016

Source: hitps: //www.youtube.com/watchev=g7ROyLXOV9E

(This video describes the basic characteristics of two types of aquifers and identifies four types
of geological units that make up many of the aquifers in the US).

Video: “Factors affecting Infiltration. Seth Horowitz. 2016.

Source: https: / /www.youtube.com /watch2v=86ZKTcooAiY

(This video explores how much of the land, degree of saturation, amount of vegetation, and land
use by humans at the rates of runoff and infiltration).

5.4 Runoff

5.4.1 Origin and Types of runoff. Units

Precipitation that reaches the soil surface can be entirely or partly absorbed by the soil in the
process of infiltration. The infilirated water can be lost to the air through evapotranspiration, be
retained in the soil as soil moisture storage, become ground water through percolation, or run
laterally in the soil profile as interflow or subsurface runoff to reach stream channels. The rate of
infiltration processes largely depends on precipitation intensity and soil properties (Chang,

2003).
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When precipitation intensity is greater than the infiltration rate of the soil, or precipitation is
greater than the soil water-holding capacity, the excess water will run over the ground surface
as overland flow or surface runoff to the nearest stream channel. Some of the overland flow can
be trapped in concavities of the surface as depression storage. The combination of surface and
subsurface runoff is called direct runoff. It is an influent stream if streamflow comes solely from
direct runoff. Such streams flow only during storms, after storms, and in wet seasons.

Under the ground, the profile is divided into two zones: the zone of aeration overlying
the zone of saturation. The zone of aeration provides soil moisture, air, nutrients, and sites for
plants and animals. The zone of saturation provides a natural reservoir to feed springs, streams,
and wells. A stream is effluent if its channel intersects with a groundwater table in which water
flows all year round (Chang, 2003).

Runoff is considered the residual of the hydrologic system in a drainage basin. Precipitation is
first to satisfy the watershed storage and evapotranspiration demands before overland runoff
can occur. The runoff process involves translocation, water storage, and the change of the state
of water. Since its occurrence is in response to watershed climate, topography, vegetation, sail,
human activity, and streamflow quantity and quality provide an effective indicator for
watershed management conditions (Chang, 2003).

5.4.2 Runoff coefficients

The rainfall-runoff process should be considered that the physical conditions of a catchment area
are not homogenous. Even at the micro level there are a variety of different slopes, soil types,
vegetation covers etc. Each catchment has therefore its own runoff response and will respond
differently to different rainstorm events (FAO).

The design of water harvesting schemes requires the knowledge of the quantity of runoff to be
produced by rainstorms in a given catchment area. It is commonly assumed that the quantity
(volume) of runoff is a proportion (percentage) of the rainfall depth.

Runoff [mm] = K-* Rainfall depth [mm]

In rural catchments where no or only small parts of the area are impervious, the coefficient K,
which describes the percentage of runoff resulting from a rainstorm, is however not a constant
factor. Instead its value is highly variable and depends on the above described catchment-
specific factors and on the rainstorm characteristics (FAO).

5.4.3 Estimation of surface runoff. Curve Number Method

The SCS Runoff Curve Number method is developed by the United States Department of
Agriculture (USDA) Soil Conservation Service (SCS) and is a method of estimating rainfall excess
from rainfall (Hjelmfelt, 1991).

The SCS runoff equation is:
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Figure 8 The SCS runoff equation

Where:

Q = runoff (mm)

P = rainfall (mm)

S = potential maximum retention after runoff begins (mm)
la = initial abstraction (mm)

This method was developed by U.S. Soil Conservation Service (S.C.S) and is based on the direct
estimation of the surface runoff of an isolated rain based on the characteristics of the soil, its use
and its vegetation cover.

We assume that each of the ground vegetation complex behaves in a same way to infiltration.

In a completely impermeable soil-vegetation complex (plastic surface) all precipitation becomes
surface runoff. This response can be represented graphically as a graphic sample A of the
following figure. On the contrary, a completely permeable complex (a strainer) would not give
runoff whatever the value of the precipitation (graphic b on the figure 9). Actually, the surface of
the land has a certain capacity to retain water. Imagine that this surface is filled with containers
of the same capacity that have a height of S mm. Until precipitation does not reach the
cumulative value of S, there will be no runoff, Q = O, but from that accumulated precipitation
value all the rain will be transformed into runoff, Q = (P - S). This situation is reflected in graphic
C of the following figure.

a) Q b) Q

Q=0 si P<S§
Q=(P-S) si P>S

S P

Figure 9 Cumulative runoff response q before the accumulated precipitation value p in different types of
surface.
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To know more: https://www.nrcs.usda.gov/Internet /FSE_DOCUMENTS /stelprdb1044171.pdf

LINKS:

Article: “Effects of terrestrial runoff on the ecology of corals and coral reefs: review and
synthesis”.
Source: https: //www.sciencedirect.com/science /article /pii /S0025326X04004497

Article: “Partial Area Contributions to Storm Runoff in a Small New England Watershed”.
Source:https: / /agupubs.onlinelibrary.wiley.com/doi/abs/10.1029 /WR006i005p01296

Video: Surface Water Runoff of Plaster Creek
Source:https: //www.youtube.com /watch2v=aWsnTiTOUws

5.5 River flow analysis

5.5.1 Flows Origin of the rivers and Types of regime

The stream flow response to rainfall depends on the catchment attributes [1] that include the
physiographic, underlying geology, vegetation cover and rainfall amount, intensity, and
frequency. The interaction between these attributes and the nature of the response are variable
in space and time and induce complexity which cannot yet be predicted in hydrology [2]. River
flow regime is one of the means that addresses the complexity of stream flow response through
the process of systematically organizing streams, rivers or catchments into groups that are most
similar with respect to their flow characteristics [3]. (Berhanu, B. et al. 2015)

Historically, flow regimes have played a vital role in the ecological sciences in understanding
river flow variability [4—7], planning conservation efforts for freshwater ecosystems [8,9],
exploring the influence of stream flow on living communities and ecological processes [10—14],
providing an inventory of hydrologic types for water resource management [15,16], and
hydrologic regionalization analyses [17]. Flow regime classification is achieved commonly on the
basis of stream flow characteristics using hydrologic indices with five stream flow components;
magnitude, frequency, duration, timing, and rate of changes of flows [25,26]. (Berhanu, B. et al.

2015)

There are many different ways of defining flow regime characteristics of rivers using qualitative
descriptions, or a wide range of quantitative values. The latter could be based on analyses of
time series of flow data at the specific site of interest (either observed, through some method of
flow measuring, or simulated by some model or extrapolation procedure), or taken from a
regional analysis. The important characteristic that should be defined, regardless of whether
qualitative or quantitative descriptors are used, is the degree of variability over different time
scales. [hitp://www.dwa.gov.za/IWQS /rhp /reports/report14/2_flow.pdf]
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Some types of Fluvial Regime

Depending on the main source of water contribution to the flow of a river, different types of
fluvial regime are usually differentiated:

e Snow Regime: There is a clear increase in the flow of the river in the spring-summer
months, due to the snow melting. The winter months have a very low flow because the
water is frozen.

e Nivo-pluvial regime: It has a maximum flow in the months of melting and secondary highs
related to rainfall.

e Pluvio-nival regime: It presents its maximum flow in the rainiest months, but due to the
contribution of the thaw the decrease in flow in the months close to summer is not as
marked.

e Oceanic pluvial regime: The flow of the river follows the seasonality of the rains in the
zone of oceanic climate. The maximum flow rates occur in winter and spring and there is
a decrease in summer. An important feature is that the flow is quite regular. At peak
times, the average annual flow is rarely doubled. We can detect this regime in stations
located between 1,600 and 2,000 meters of altitude.

e Mediterranean pluvial regime: The flow of the river follows the seasonality of the rains in
the zone of Mediterranean climate. It can have its maximum flow in spring, autumn or
winter, depending on the area, and summer drought is very marked. An important
feature of this regime is the great irregularity. The months of maximum flow usually
exceed twice the annual average flow.

5.5.2 Analysis of historical records. Temporary trends

5.5.2.1 Data registry

The hydrological series can be grouped as follows (Gonzdlez, M. 201 3):

(1) Daily Average Flow Series: For each day there is a flow data, equivalent to the
average flow of the corresponding day

(2) Monthly average flow series: For each month there is a flow data, obtained as the
average value of the 30/31 daily average flows of each month

(3) Series of annual average flows: For each year a flow data is available, obtained as the
average value of the 12 monthly average flows of that year

(4) Series of Maximum Flows: For each year there is a flow data that corresponds to the
maximum daily or instantaneous flow of that year

v" Monthly module: Average value of monthly average flows, for a consecutive
period of years
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v" Annual module: Average value of annual average flows, for a consecutive period
of years

5.5.2.2 Statistical analysis of hydrological series

In the case of monthly, annual average flow series, it is generally assumed that (Gonzdlez, M.

2013):
- They follow a normal distribution
- Can be characterized through the following descriptors:
o Medium, Medium
o Standard deviation, Coefficient of variation
o Percentiles
Rio Mifo en Lugo(1944-2003) . ) )
Rio Perales en Villamantilla (1969-2003)
100
20 — 25
a0 - ‘ ha R
70 7 = . -'
60 -
] e« o 8 O
E 453 L 7 —~ 2 . . s
- 4 N K .
o /',/ \_‘& 05 - M

Oct Nov Dic Ene Feb Mar Abr May Jun Jul Ago Sep Qct Nov Dic Ene Feb Mar Abe May Jun Jul Agp Sep

Media

Mayores diferencias entre media y mediana cuanto mas escaso y variable es el caudal
= =«  Mediana

Figure 9. flow comparison of two Spanish rivers. Greater differences between average (Media) and median
(mediana) the scarcer and variable is the flow

In the case of the series of maximum flows:

*  Adjust to frequency distribution of extreme values (eg Gumbel)
* They are characterized by the maximum flow rates corresponding to the different return
periods
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Figure 10. Adjust to frequency distribution of extreme values

In the case of maximum flows with geomorphological meaning:

*  Flow that maintains the cross section of the channel (bankfull discharge):
*  Permanent, more regular rivers: T = 1.5 - 2 years
* Temporary rivers, p, more irregular: T =5 - 10 years

b
P

-

= -
WIDTH-DEPTH RATHD

Figure 11. Geomorphological meaning of de maximum flows

5.5.3 Characterization of the flow regime and estimation of its alteration by human
activities

The extensive ecological degradation and loss of biological diversity resulting from river
exploitation is eliciting widespread concern for conservation and restoration of healthy river
ecosystems among scientists and the lay public alike (Allan and Flecker 1993, Hughes and Noss
1992, Kaff et al. 1985, TNC 1996, Williams et al. 1996).

Society's ability to maintain and res tore the integrity of river ecosystems requires that
conservation and management actions be firmly grounded in scientific understanding. However,

39-199



I_ C 0O N I_ D SPECIALISATION PROCESS FOR THE ECOENGINEERING

SECTOR IN THE MEDITERRANEAN ENVIRONMENT

current management approaches often fail to recognize the fundamental scientific principle that
the integrity of flowing water systems depends largely on their natural dynamic character; as a
result, these methods frequently prevent successful river conservation or restoration. Streamflow
quantity and timing are critical components of water supply, water quality, and the ecological
integrity of river systems.

The natural flow of a river varies on time scales of hours, days, seasons, years, and longer. Many
years of observation from a streamflow gauge are generally needed to describe the
characteristics pattern of a river's flow quantity, timing, and variability that is, its natural flow
regime. Components of a natural flow regime can be characterized using various time series
(e.g., Fourier and wavelet) and probability analyses of, for example, extremely high or low
flows, or of the entire range of flows expressed as average daily discharge (Dunne and Leopold
1978).

Human modification of natural hydrology processes disrupts the dynamic equilibrium between the
movement of water and the movement of sediment that exists in free-flowing rivers (Dunne and
Leopold 1978). This disruption alters both gross and fine-scale geomorphic features that
constitute habitat for aquatic and riparian species (Table 1). After such a disruption, it may take
centuries for a new dynamic equilibrium to be attained by channel and floodplain adjustments to
the new flow regime (Petts 1985); in some cases, a new equilibrium is never attained, and the
channel remains in estate of continuous recovery from the most recent flood event (Woiman and
Gerson 1978).

Read More at: LINK

LINKS:

Article: “North Atlantic oscillation influence on precipitation, river flow and water resources in the
Iberian Peninsula”
Source:https: //rmets.onlinelibrary.wiley.com /doi/full /10.1002 /joc.1048

Article: “High resolution mapping of the world's reservoirs and dams for sustainable river flow
management”
https: / /esdjournals.onlinelibrary.wiley.com /doi/full /10.1890/100125

5.6 Estimation of ordinary flows. Water balances

The water balance consists of estimating the different water flows that connect the storage points
of the same within the hydrological cycle. In this way we can know the contribution that can be
expected from a watershed at a point in its drainage network based on rainfall, temperatures
and morphological characteristics corresponding to that territory. The basic premise is that the
continuity equation must be met at the level of a unit of surface

[Inputs] — [Outputs] = [Storage variation]
In a simple way the elements to consider are:
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- Inputs: Precipitation
- Outputs: Real evapotranspiration and aquifer recharge
- Storage: Snow, Soil Moisture and Gravitational Water

One of the most used methods to calculate the balance is Thornhwaite and Matter This uses the
month as a time interval and as starting data the average temperature and precipitation. You
can consider performing a continuous simulation of all the years registered or work with the
average year.

Simple diagram of water
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LINKS:

Article: “GlS-based recharge estimation by coupling surface—subsurface water balances”.
Source:https:/ /www.sciencedirect.com/science /article /pii/S00221694070007 65

Article: “Seasonal Variations in the Heat and Water Balances for Nonvegetated Surfaces”
Source:https: / /journals.ametsoc.org/doi/abs/10.1175/1520-
0450(1997)036%3C1676:SVITHA%3E2.0.CO%3B2

5.7 Estimation of extraordinary flows. Flood hydrographs

The floods are a consequence of the elevation of water levels in the riverbeds to unusual values,
due to the growth of the flow that circulates through the drainage network. In this section, we
intend to reflect some of the tools / methods for the analysis and calculation of the value of these
flows.

5.7.1 Rational Formula

This formula allows the calculation of flood flows in small basins, based on rainfall data and
runoff conditions in the watershed. Its expression is the following:
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CxI*xA
1= 736
Being:

- g (m3/s), flood flow for the return period T.

- G, runoff coefficient of the basin, can be estimated by analyzing runoff / precipitation
data obtained in basins with similar characteristics to the study.

- | (mm/h): maximum rain intensity in, tc (time of concentration of the basin) for the return
period of calculation T.

- A (km2): surface of the watershed.

The formula is associated with several previous hypotheses that assume the existence of possible
sources of error, mainly due to an excessive simplification of processes and the use of empirical
factors. Despite this, it is an effective and fast formula, highly indicated for urban hydrology and
small and homogeneous basins.

5.7.2 Unit hydrograph

This method was developed by Sherman in 1932, and is currently one of the most used in the
case of medium-sized basins. Its foundation is as follows; having an isochronous map, the
effective area curve for a duration interval D and constant intensity; if we assume that this
interval generates a unit runoff, that is, we have a runoff coefficient and a precipitation intensity
such that

C-1-D=1mm
The hydrograph generated by said runoff unit will be

_CLA® AWM 1 AW AWM
36 36 D 3.6_3.6-D_HU(t)

q(t)

Where A(t) is the effective area origin of the water that constitutes the flow that passes through
the control point at a given time. This is the so-called unit hydrograph, which does not depend on
precipitation, only on the morphological characteristics of the basin, represented by the
isochronous map, and the time interval, D, in which the runoff unit has been generated. Once this
hydrograph is known and assuming the hypotheses associated with this method, we can estimate
the hydrograph generated by any storm for which we have the temporal distribution of
intensities.

5.7.3 Computer applications

One of the most used computer applications in this field is HEC-HMS. In this section there is a
brief introduction to the bases and foundations of it.
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5.7.3.1 HEC-HMS
The HEC-HMS model ("Hydrologic Engineering Center-Hydrologic Modeling System") was

designed to simulate rain-runoff processes in dendritic basin systems. It is a free program, public
domain and was developed by the Hydrological Engineering Center (HEC) of the United States
Army Corps of Engineers (U.S. Army Corps of Engineers-USACE). It is used in studies of water
availability, urban drainage, flow forecasts, future urbanizations, flood damage reduction, etc.

The HEC-HMS is used to simulate the hydrological response of a basin. The program creates said
simulation, combining the models and specifications. There are four basic modules that define the
data entry and the simulation structure of the basin as a whole:

v Input data

v Basin model: used to represent the physical part of the basin. The user develops a
basin model by adding and connecting hydrological elements. The hydrological
elements use mathematical models to describe the physical processes in the basin.

v Meteorological model: The meteorological model calculates the input of precipitation
required by a sub-basin element. The program can use spot or mesh data and can
model freezing or liquid rain along with evapotranspiration. Includes several
methods of precipitation.

v’ Control module: The control specifications set the duration time of each execution of
a simulation. The control specifications must include the start date, the end date and
the time interval (minutes, hours, days) of the simulation.
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Figure 13. Detail of the interface in HEC-HMS

The results of the simulation can be seen on the map of the basin. Global and element summary

tables are generated, which include information about the maximum flow and the total volume.
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Also available are a time series table, the element chart, the results of multiple elements and
simulations.

Recently, an application has been developed (HEC-GeoHMS, developed for the ArcGIS
program) that facilitates the incorporation of spatial information to the HEC-HMS model. All the
support on HEC-HMS can be found at http://www.hec.usace.army.mil /software /hec-hms/

LINKS:

Article: “Estimation of flood hydrograph using deterministic modeling and weather radar
rainfall”.F Magaia, K M. B& and VH. Guerra. Mexico.2016.

Source:https: / /www.researchgate.net/publication /287350493 Estimation of flood hydrograp
h_using deterministic modeling and weather radar rainfall

(In this study, the importance of using radar-based rainfall estimation for the modeling of peak
flow in poorly gauged basin is highlighted. The hydrological modeling with radar estimated
rainfall, takes into account, detailedly, the spatial and temporal variability of the rainfall).

Article: “4 Methods to estimate changes in flood flows”. Manual for Local Government in New
Zealand. New Zealand.
Source:  http://www.mfe.govt.nz/publications/climate-change /tools-estimating-effects-climate-

change-flood-flow-guidance-manual-loc-5
(This chapter looks at both screening and advanced tools that can be used to help river
managers estimate changes in flood flows).
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6. HYDRAULICS APPLIED TO OPEN RIVERBEDS

6.1 Introduction to hydrostatics

Hydrostatics is the part of Fluid Mechanics that studies liquids at rest. In the absence of
movement, the effects of viscosity do not manifest themselves; therefore, there is no distinction
between ideal and real fluids.

Hydrostatic pressure is defined as the force exerted by a liquid at rest on the surface on which it
affects.

For further information, please follow the LINK-Section 6.1

6.2 Study of flow in open channels

The open channels are characterized by a free surface (subject to atmospheric pressure) and an
impenetrable contour. It is fulfilled by rivers, streams, canals and even pipes if they are not
completely full.

Figure 14. Open channel in a headwater area

In them the hydraulic axis is the representative line of the free surface.
a) Channel geometry.

The sections of the natural channels are in general very irregular, however, to deal with the
hydraulic calculations in said sections and for the design of channels, simple forms are usually
used. The most frequent forms are:

- Trapezoidal: provides lateral slopes for stability.

- Rectangular: it is used when the design material presents no problems in terms of
stability.

- Triangular: reserved for small sections, gutters, etc.

- Circular: commonly used in sewage and drainage network

In a section we can define a series of parameters:
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Figure 15. Hydraulic parameters in the cross section

- Draft (y), water sheet height

- Wet section (Sm) = Cross section to the channel

- Wet perimeter (Pm) = Length of the contour line of the wet section
- Hydraulic radius (Sm / Pm)

- Average depthym =Sm / b

- Width in the free surface (b)

b) Distribution of pressure in a section

The pressure at any point of the cross section of the flow can be measured by the height of the
water column reached in a piezometric tube placed at that point.

In the uniform movement the flow is practically parallel, so that the distribution of the pressure in
a section is linear, that is, follows the hydrostatic law, the water will therefore rise to the free
surface of the water.

If the current lines presented curvature, rapidly changing movement, a component of the
acceleration would appear in the direction of the flow that would disturb the hydrostatic
distribution.

Figure 16. Distribution of pressure in a section

c) Distribution of velocity in a section
In channels, the friction existing against walls and bottom, as well as with the air in the free
surface, cause that the velocity varies in each point of a cross section. The velocity vector can
have components according to the three coordinate axes, however, the vertical and transverse
components are usually small, so only the velocity component will be considered according to the
flow direction.
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In a uniform movement, it is to be expected and this is the case, the distribution of velocities is
substantially equal throughout the entire current.

To determine the velocity at one point, the Pitot tube and the Woltman current meter (Fig. 18)
are used.

Figure 17. Woltman current meter.

Experimentally it has been seen that the velocity in a section follows the distribution model as in
the figure, where the lines joining points of equal velocity (isotacas) are represented.
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Figure 18 Distribution of velocity in a section (Source: ingenierocivilinfo.com)

Figure below shows a typical distribution of the velocity with the draft. It is observed that the

maximum velocity is below the free surface, at a depth between 0,95y - 0,75y. (0,05y —
0,25-y if we measure it from the free surface)
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Figure 19 Distribution of velocity (Source: ingenierocivilinfo.com)

d) Froude number.
In the open channels there is no longitudinal pressure gradient and the movement is conditioned
by gravity, consequently, the dimensionless number that characterizes it is the Froude number.
Froude's number is the dimensionless number that relates the forces of inertia with the forces of
weight.

For further information, please follow the LINK-Section 6.2

6.3 Determination of the main hydraulic variables needed in water bioengineering
techniques design

Selecting the bioengineering technique to apply in a specific case, it is necessary to calculate or
know a series of variables that will allow us to choose the most appropriate technique. These
variables are multiple: topographical, biological, climatic ... In this section the hydraulics
variables will be treated, differentiating the specific characteristics of the watercourse and those
of the materials of the technique to be used, which are associated with hydraulic calculations.

A. Hydraulic variables of the watercourse
- Flow velocity: the flow velocity of a stream is the velocity at which water flows in the channel,
expressed in meters per second. The ideal is to know:
=  Minimum flow velocity
= Average flow velocity
= Maximum flow velocity

-  Flow Shear: the shear of the flow corresponds to the thrust of the water on the riverbed or
channel in the direction of flow and is expressed in Newtons per square meter. As with
velocity, it is important to know the minimum, medium and maximum. In addition, the ideal
would be to be able to distinguish between shear fluxes in the bed and shear fluxes in the
slope. As is normal in watercourses, there are numerous curves in the path followed by them,
so it would be interesting to also calculate the shear of the flow in curve.
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- Slope: is the degree of inclination of a surface that is measured in relation to the horizontal
and expressed in degrees. It is interesting to know the maximum and the minimum. Not only
the bed, but also the margins and slopes adjacent to the stretch of the watercourse.

£ £

Figure 20Slope as a limiting factor in the Soil bioengineering technique to be used

0°

- Manning roughness coefficient: it is a dimensionless parameter that reflects the degree of
resistance offered by the different elements of a water course to the passage of the fluid. It
depends on a large number of factors: vegetation, sediments, erosion ... In general, it is
determined from tables in which its value is associated with typologies of natural channels.

- Woater sheet height
- Hydrostatic thrust

B. Hydraulic variables associated with materials

Manning roughness coefficient: this parameter must not only be taken into account in the typology
of the channel, but it is also decisive in the material to be used according to the bioengineering
technique to be used. Generally, many of the bioengineering techniques imply the use of
vegetation. This, in addition to fixing materials, will greatly influence the resistance to the
passage of the fluid. For this reason it is of special importance to know what effect the
vegetation can have that is incorporated, as part of the action, on this coefficient of roughness

For further information, please follow the LINK-Section 6.3

6.4 Computer applications

Two of the most used computer applications in this field are HEC-RAS and IBER2D. In this section
there is a brief introduction to the bases and foundations of them.

e [BER2D

The IBER2D model is a two-dimensional mathematical model for the simulation of flows in rivers
and estuaries, promoted by the CEDEX (Center of Studies and Experimentation of Public Works)
and developed in collaboration with the GEAMA (Group of Water and Environmental
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Engineering ), Grupo Flumen and CIMNE (International Center for Numerical Methods in
Engineering) It is free and is constantly updated.

IBER2D is a tool designed for the study of drafts and velocitys that allows solving engineering
problems and fluvial dynamics, such as the delimitation of flood zones, the design of channelling
and protection works, river restoration, emergency plans for breakage of dams , optimization of
the operation of hydraulic works ...

It consists of 3 modules:

- Hydrodynamic module: it is the base of the program, it solves equations of superficial
two-dimensional water averaged in depth.

- Turbulence module: it allows to include the turbulent tensions in the hydrodynamic
calculation.

- Sediment transport module: solves equations of bottom transport and turbulent transport
in suspension, being able to calculate the evolution of the bottom level.

One of the strengths of this computer resource is the possibility of simulating, in 2D, flows of
natural channels and the combination of these with regulatory structures. In addition to this, the
two-dimensional models are able to simulate with greater adjustment to reality all those
situations in which the flow is not exclusively unidirectional, thus vastly expanding its field of use.
This is one of your great strengths.

Figure 21 Detail of shallow water flows. Simulation with IBER2D (Source: IBERaula.es)

In IBER2D you can get results of all kinds of hydraulic parameters (drafts, velocitys, Froude
number, specific flow, etc.) and has multiple viewing options such as graphics, animations,
tables, results by sections ..., but also presents the advantage of being compatible with
different Geographic Information Systems since it allows to export the results of each
variable in raster format, which facilitates the handling of information and allows us to
improve the visual representation.

It also has a strong web support in which in addition to downloading the software and
manuals on it, there are tutorials and a help forum;http: //www.iberaula.es/

e HEC-RAS
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HEC-RAS is designed to perform one and two-dimensional hydraulic calculations for a full
network of natural and constructed channels. The following is a description of the major
capabilities of HEC-RAS (from: http://www.hec.usace.army.mil /).

The HEC-RAS system contains several river analysis components for: (1) steady flow water
surface profile computations; (2) one- and two-dimensional unsteady flow simulation; (3)
movable boundary sediment transport computations; and (4) water quality analysis. A key
element is, that all four components use a common geometric data representation and
common geometric and hydraulic computation routines. In addition to these river analysis
components, the system contains several hydraulic design features that can be invoked once
the basic water surface profiles are computed (from: http://www.hec.usace.army.mil /).

Figure 22 Detail of HEC_RAS. Source: http://www.hec.usace.army.mil /

For further information, please follow the LINK-Section 6.4

LINKS:

Article: “Relationships between hydraulic variables and bedload fransport in a subalpine
channel, Colorado Rocky Mountains, U.S.A.
Source: hitps: //www.sciencedirect.com /science /article /pii /S0169555X9700055X

Article: “Laws of turbulent flow in open channels”.
Source:https: / /nvlpubs.nist.gov /nistpubs/ires /21 /iresv2 1nép707 Alb.pdf

Avricle: “Prediction of flow depth and sediment discharge in open channels”.
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Source:https: //authors.library.caltech.edu /25957 /
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7. EROSIVE PROCESSES

7.1 Soil erosion by water

7.1.1 The hydrological cycle and water erosion. Surface erosion and mass movements

Soil losses are closely related to rainfall, from splash detachment to its contribution to runoff.
Thus, the foundation of water erosion rest in the hydrological cycle, That is, in all the paths
followed by water from its incidence on the vegetation cover and Its subsequent movement on
the surface of the soil.

It is necessary to define the surface water erosion as a result of two phases consistent by the
disintegration of the soil in the soil particles by action of the impact of the raindrop (splash) and
its transport by runoff. This combined effect is essential to guide an analysis of the mechanisms,
factors and forms of erosion.

X

N

Figure 23. Representation of soil detachment, transport and deposition during water erosion process.

The attack of the water to the ground is carried out superficially or in the depth of its profile. In
the first case, the particles of the soil are dragged in isolation while in the second they are
mobilized massively. Both, while being a consequence of the action of water, differ in the
mechanism. Within these forms we can distinguish the following manifestations:

Deep erosion (or mass movements)
Surface Erosion. slow ]
fast Movements Landslides
Movements
Sheet erosion Reptation mudflows washouts.
Solifluxionero
Rill erosion R Soil flow detritusLandslides
sion.
Gullies Erosion
Landslides detritus fall
and channels
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rockslides

Rockslide

7.1.1.1  Sheet erosion

It consists of a removal of thin layers of soil spread more or less evenly over an entire surface. It
results from the disintegration of soil elements by the impact of raindrops and the action of
draining. The formation of a homogeneous surface flow transports soil particles previously
disintegrated.

Sheet erosion is the cause of large sediment inputs to watercourses and, in addition, a significant
loss of soil fertility by affecting finer soil particles.

Figure 24. Example of sheet erosion

7.1.1.2 Rill erosion

Rills are longitudinal incisions in the ground, usually temporary and not hierarchical, that appear
as a consequence of the local concentration of the water flow, channelled by the local
characteristics of microrelief (Riou, 1990). The concentration of the flow implies the increase of
the draft and the consequent increase of the erosive capacity.

The concentration of the waters when draining on the surface is mainly due to irregularities and
surface unevenness. The presence of an obstacle in the middle of the stream (stones, rocks,
isolated bushes, etc.) causes a separation and concentration of the water flow.

The formation of rills occurs especially during heavy rainfalls, the damage being serious,
however, to appear well manifested, can act in due time and make appropriate mechanical
corrections.
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Figure 25. Example of rill erosion. (Source: José L. Garcia)

7.1.1.3  Gully/ ravine erosion

In water courses, with permanent or temporary flow, erosion processes occur, unlike those
considered above, located on the surface that defines the channel itself. It is consists of deep
incisions in the terrain usually originated when there is a high concentration of runoff in a certain
area. Once the formation of the ravine begins, its shape evolves according to the relative
consistency offered by the different layers of soil and subsoil.

In the permanent watercourses, riparian vegetation plays a significant role in two aspects: on one
hand, and fundamentally for its radical systems, it stabilizes the banks effectively controlling the
processes of erosion of margins; on the other hand, thanks to the reduction of the velocity of the
flow that the aerial organs impose and the consequent diminution of the erosive capacity of the
water, it protects the soil of the flood plains that it occupies of the erosive phenomena that
accompany the extraordinary avenues, time that favours the lamination in the course of the flood
wave (Lépez Cadenas de Llano, 1988).

In gullies and ravines, the radical systems provide the soil with a remarkable resistance both to
the drag of its materials and to the collapse or mass movement, these latter effects are
associated with mass movements induced in the formation of the channel. The progression of the
gully, either longitudinally, upward progression, or transversally, may be limited by the presence
of vegetation, although generally this is not enough to control the process and should be used
engineering works such as consolidation dams and ditches in its head, which help to stabilize
these erosive phenomena in a definitive way.

The erosion in ravines is much more striking than the sheet erosion and in rills, for this reason, it is
attributed a greater importance, however, it is the sheet erosion that has the greatest
repercussions, since apart from being more extended and hidden, its existence creates a
propitious situation for the formation of deeper rills and erosions.
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Figure 26 Gully erosion in Puebla de Valles. Source: José L. Garcia

7.1.2 Deep Erosion.

There are other forms of erosion, not so widespread, that obey other types of mechanisms. It is
the case in which the displacements of soil are made in mass, the action of the waters consisting in
creating favourable conditions in the soil so that it moves by the action of gravity.

As explained in module 2 ‘Soil bioengineering and geological engineering’, the saturation of the
soil is a favourable circumstance for mass movements. When this occurs on steep slopes and not
subject to vegetation, it is possible that soil movements will occur by gravity, either on the surface
or internally.

Another circumstance favourable to this type of movement occurs when the water reaches a
horizon of the soil over an impermeable layer. This, by the action of the water, is lubricated and,
if it is sloping, it can create a line of imbalance in the whole area of the soil located above. This
fact will be favoured when the roots of the plants cannot penetrate the impermeable layer, and
therefore, do not contribute to hold or prevent the movement from occurring.

Know more about type of mass movement:

https: //www.youtube.com/watchev=WyGw 1 pk9YWo
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Figure 27 Formation of Piping erosion (Source: Bernateck and Poesen, 2018)

LINKS:

Video: “Water Erosion”.
Source: https: //www.youtube.com/watch2v=ofhQvAu L1I

Video: “Erosion, Weathering, and Mass Movement”
Source:https: //www.youtube.com /watchev=w-w-pAtRRTU

7.2 Erosive processes in riverbeds

7.2.1 Erosion, transport and sedimentation in riverbeds. Basic principles

7.2.1.1  Fluvial erosion

Erosion in a river occurs when the energy (or gross power) of a river current is greater than the
sum of power friction (that used to save friction) and transport power (the one used to transport
materials).

This takes three modalities: vertical, recessive or headward, and lateral.
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7.2.1.2  Vertical Erosion
Vertical erosion is the result of a summation of processes:

a) Abrasion; exerted by the bottom charge transported by the river. Thus, the helical
rotary movement that the current can take at some point due to the roughness of the
bed rotates the edges it transports. The result is the formation of deep buckets with
a circular shape at the bottom of the channel, which are called giant pots or
pilancones.

b) Hydraulic action; due to the velocity of the current, which deepens more and more in
the channel.

c) Dissolution in soluble materials (plasters, salts, limestones, etc.); which can produce
intense chemical erosion.

7.2.1.3 Headward erosion
Rivers and streams tend to expand their watersheds due to the continuous erosion of their waters.
The hydrographic divisions are not, therefore, static, but tend to move upstream.

7.2.1.4 Lateral Erosion (meanders)

The river also tends to widen its valley, for which it exerts lateral erosion. The clearest proof of
the existence of this erosion is the formation and evolution of the meanders. The meanders are
originated as a consequence of a balance between topographic slope, and different factors:
velocity, load, flow, etc. They are usually formed in the middle or lower sections of the rivers. The
accentuation of the curve is due to the active erosion in the concave bank, while in the convex
there is sedimentation, which gives rise to small fluvial beaches. The flow of water when entering
the curve hits the concave shore, eroding it.

The existence of the currents causes the materials to be transported from the concave to the
convex edge. As this phenomenon occurs both at the entrance and exit of the curve, the meander
tends to strangle and leaves the river channel, in which case it receives the name of abandoned
meander.

There are two main types of meanders:

a) Wondering meandering of alluvial plain; They are the free meanders installed in
extensive alluvial plains. They do not have a fixed position and suffer the three
processes described in their evolution.

b) Embedded meanders; They are of fixed position and receive their name because
they are deeply embedded in the bottom of a valley with abrupt walls.

7.2.1.5 Fluvial Transport

Transportation is carried out by the river in different ways: dissolution, suspension, saltation and
rotation. The transport by dissolution and suspension can take place simultaneously in all the
body of water. The fluvial transport supposes a great wear of the clasts, which show surfaces
polished when it has acted enough time. In general, the load that a river can carry is
proportional to the flow, and is made up of the volume of materials that it sets in motion or
evacuates.
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7.2.1.6 River sedimentation

The sedimentation and formation of deposits of a river takes place when the energy of the river
diminishes and becomes insufficient to transport all the load; then part of it is deposited. The
manifestations of these depositions mainly constitute the current alluvial plains and the fluvial
terraces.

7.2.2 Shear stress, velocity, critical shear stress and critical velocity

The force exerted by flowing water on the bed or banks of a stream is called available shear
stress that is directly proportional to water density, gravitational acceleration, hydraulic radius
and slope of the water surface (Du Boys 1879). The amount of energy needed to entrain the
sediment grain (incipient motion) of a particular size is the critical shear stress. Dey (1999)
mentioned that if flow velocity continues to increase over the loose sedimentary bed, the
sediments start moving when the bed shear stress (available shear stress) generated by the flow
exceeds a critical value of shear stress.

The particles move in different ways in a stream as the flow characteristics, size of sediment, fluid
and sediment densities and the channel conditions vary spatially and temporally. Hjulstrom
(1935) derived an empirical curve relating mean velocity to grain size from experiments with
sand-size particles and extrapolating to larger and smaller sizes. The critical shear stress
required for the entrainment of individual sediment particles for non-cohesive sedimentary bed in
unidirectional channel was described by Shields (1936). After that, large numbers of scientists
and researchers have triggered their research to determine critical shear stress of sediment
erosion (Ahmad et al. 2011).

They understood and explained that the critical shear stress of finer sediment particles are
dependent on both particle size and bulk density but in larger particles the critical shear stress is
dependent only on particle size (Ahmad et al. 2011). Torfs (1995) indicated that conventional
non-cohesive formulation for sand fractions could be applicable for the mixture with less than
around 3-15% mud content. Erosion behaviour changes dramatically when a small amount of
mud is added to a sand bed (Mitchener and Torfs 1996; Williamson and Ockenden 1992). The
formula of critical shear stress separately for sand and mud mixture to describe the erosion
behavior of sediment was proposed by Van Ledden (2003). Sand-mud mixture will exhibit the
cohesive property when the proportion of mud reaches 20-30% (all sediment less than 0.05 mm
in diameter) and below it the mixture is non-cohesive in nature (Van Rijn 1993; Ahmad et al.
2011). Charlton (2007) and Clayton (2010) mentioned that patterns such as sheltering,
imbrications, armoring, and variations in sorting can also affect resistance, and in turn the critical
shear stress required to entrain the sediment (Mayoral 2011).

LINKS:

Article: Riverbed sediment classification using multi-beam echo-sounder backscatter data
Source: https://asa.scitation.org/doi/abs/10.1121/1.3205397

Video: River erosion processes
Source:https: //www.youtube.com /watchev=hAaHwU3vhIE
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Video: River Erosion, Transport and Deposition
Source:https:/ /www.youtube.com/watch?v=EésWiPAu708
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8. THE RIVER ECOSYSTEMS

The river is the paradigm of connectivity. Connectivity is the degree to which water, organisms,
and suspended elements and compounds can move across the fluvial system landscape. The
degree of connectivity is based on the presence or absence of barriers. Barriers are features
which interrupt connectivity. They may be natural or human induced. Human induced barriers can
be hydrologic or structural. Barriers can also be natural. Barriers tend to reduce the ecological
functions provided by the fluvial system, especially aquatic organism habitat functions. The
number and health of fish and other aquatic organisms existing in the system is reduced when
their opportunity to move freely is interrupted by a barrier.

As with hydrology, stream connectivity can be described in four dimensions:

- longitudinal — linear connectivity

- lateral — floodplain connectivity

- vertical — hyporheic (below the stream bed)

- temporal (time) — many scales; seasonal, multiyear, generational

Figure 28 Longitudinal connectivity(Source: Stream Corridor Restoration: Principles, Processes, and Practices,
10/98, by the Federal Interagency Stream Restoration Working Group (FISRWG))

Longitudinal connectivity: longitudinal connectivity describes the degree of connection along the
main direction of flow for water, sediment, aquatic organisms, and other elements in the system,
both living and inert. lts direction can normally be described as upstream and downstream.
Lateral connectivity allows the stream access to its floodplain during high water events. This access
is critical for the healthy ecosystem function. Nutrients and organic matter are transported to the
stream from the floodplain, plant and wildlife species flourish in the diverse successional stages
of inundated areas, and aquatic species gain access to seasonal habitats essential to their life
cycles.
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Figure 29 Lateral connectivity (USDA, NRCS, 2012; Technical Note No. 2)

Lateral connectivity refers to the periodic inundation of the floodplain and the resulting exchange
of water, sediment, organic matter, nutrients, and organisms. Lateral connectivity becomes
especially important in large rivers with broad floodplains.

Access to floodplain is also important for small streams that can experience dramatic episodic
flooding. Heavy, localized rains can cause small streams to rise several feet in a few hours. This
flashiness is largely a result of more overland flow and less infiltration following the conversion
of native land cover to row crops and human communities. Large amounts of sediment are
mobilized by these events, impacting all trophic levels and altering biological communities in the
stream and the adjacent floodplain.

Lateral connectivity allows the stream access to its floodplain during high water events. This
access is critical for the healthy ecosystem function. Nutrients and organic matter are transported
to the stream from the floodplain, plant and wildlife species flourish in the diverse successional
stages of inundated areas, and aquatic species gain access to seasonal habitats essential to their
life cycles.

| Hydrologic Floodplain |

Steve Adams

Figure 30 Vertical connectivity (source: How rivers run; Instream Flow Council; Annear et al., 2002)

Vertical connectivity is represented by the connection between the atmosphere and groundwater.
The ability of water to cycle through soil, river, and air as liquid, vapor, or ice is important in
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storing and replenishing water. This exchange is usually visualized as unidirectional—precipitation
falling onto land and then flowing over land or percolating through the ground to the stream.

Mixing of surface water and ground water occur in the hyporheic zone. This biologically active
zone contains water percolating through the permeable soils adjacent to the open streambed.
Important microbial activity and chemical transformations are enhanced in this area (Stream
Corridor, FISRWG).

water
table

ground water

Impermeable
layer

Figure 31Vertical connectivity (source: Stream Corridor, FISRWG)

Temporal

A stream exhibits temporal connectivity of continuous physical, chemical, and biological
interactions over time, according to a rather predictable pattern. These patterns and continuity
are important to the functioning of the ecosystem. Over time, sediment shifts, meanders form,
bends erode, oxbows break off from the main channel, channels shift and braid. A stream rises
and falls according to seasonal patterns, depending on rain and snowmelt. Watersheds are
adjusted to these normal fluctuations, and many organisms have evolved to depend on them.

The integrated approach followed by water bioengineering gives answers to the complexity of
river systems.

8.1 The morphological role of vegetation and the fluvial space

It long has been recognized that vegetation plays an important control on river form and activity.
The literature is of two basic types: that dealing with the indirect relations among vegetation-
water / sediment yield-river morphology, and that dealing with the direct impact of boundary
vegetation on channel morphology.

Vegetation exerts significant control over fluvial processes and morphology through five
important mechanisms: resistance to flow, bank strength, nucleus for bar sedimentation,
construction and breaching of log-jams, and concave-bank bench deposition.

The role of vegetation as an influence on channel form and process in larger rivers is less
important, though it may still be quite significant.

The interaction between vegetation and river channel dynamics can be expressed in terms of:
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Resistance to flow: It has long been recognized that channel and foodplain vegetation, as part
of the boundary roughness elements, may exert a considerable influence on the resistance to
flow. Indeed, the Cowan method includes a vegetation correction factor in the estimation of the
Manning n magnitude.

Figure 32The river flow exerts forces on the riparian soils

This empirically based procedure indicates that, with other factors constant, variation in bank
vegetation in small channels can easily produce an order of magnitude variation in Manning n. In
larger channels, bank vegetation will have a relatively smaller but nevertheless significant
influence on flow resistance.

Bank strength: Channel form and the lateral stability of a river, depending as they do on the
strength of the bank materials, may be influenced significantly by the binding properties of
vegetation growing on and near the river banks. Since vegetation binds sediment and increases
its strength, and since critical tractive force theory implies that bank slope is proportional to shear
strength, physical reasoning would suggest that well-vegetated banks will be associated with
lower ratios of width to depth than will poorly vegetated banks.

Figure 1: Effects
of vegetation

on stability
calculations.

Phreatic
surface

Deeper Slip
Less influence

Figure 33Plants reinforces the soil mechanical strengths (Greenwood, 2004)
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8.2 River ecosystems and aquatic fauna.

River systems facilitate the gravitational transport of water, dissolved substances, and large and
small particulate materials downstream through a diversity of types of drainage networks from
relatively simple channels to highly complicated “braided” channels, both above and below
ground (Allan and Castillo, 2007).

Rivers and streams are far more than channels transporting water, chemicals and sediments
downstream. They function as ecosystems with all of the varied and complicated activities and
interactions that occur among their abiotic and biotic components, which are characteristics of all
ecosystems.

C.H.N,0.P, 5" {}
l’[ {/," Atmo-

Biosphere

Figure 34Fluvial system processes

Species inhabiting rivers face challenges imposed by the unidirectional flowing nature of their
environment. Strategies include current avoidance in sheltered areas (along channel margins,
behind debris dams or in interstitial spaces), and specialized adaptations such as attachment to
hard substrates. Riverine species also share the benefits provided by water flow which supplies
particulate matter to filter-feeding organisms, replenishes nutrients and oxygen at the cell
boundary layer, and, during floods, allows periodic access to floodplain habitats (Likens, 2010).

Primary producers

Attached algae, phytoplankton, and macrophytes contribute to autotrophic production in rivers:
their relative importance varies in accordance with river hydrogeomorphology. In shallow, fast
flowing rivers, benthic algae predominate particularly where rocks and woody debris provide
stable substrate fro colonization. Benthic algal abundance is determined by the light conditions,
and flow regime. In deep, slow-moving rivers, phytoplankton are often the dominant primary
producers. Their abundance is mainly limited by light availability.

Constricted and channelized rivers have steep shoreline areas, which provide little suvitable
habitats, whereas floodplain and low-gradient rivers allow for greater colonization in shallow-
water areas.

Invertebrates

Invertebrates are important to trophic energetic because they link primary sources of energy to
higher trophic levels such as fish. Pelagic invertebrates (zooplankton) are commonly found in
regulated and deep rivers. River zooplankton assemblages are dominated by rotifers and
cladocerans, whereas larger zooplankters are generally associated with lentic environments.

Benthic invertebrates are important components of river food webs and are widely used in
habitat assessment owing their sensitivity to water quality conditions. These include crustaceans,
molluscs, and a great variety of insects.
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Invertebrates may be grouped according to their feeding habits as predators, filtering and
gathering collectors, deposit feeders, scrapers, and shredders. Productivity is determined by
water temperature, food quantity and the presence of suitable habitat.

Fishes

Fish are typically the top predators in river food webs and, like macroinvertebrates, are often
used as ‘bioindicators’ for habitat assessment. Anthropogenic influences generally act to make
fish assemblages more similar within and among basins and lead to loss of biodiversity. In many
rivers, the presence of water regulation structures has had a negative impact on species that
prefer flowing conditions and in some cases, has restricted their ability to access former
spawning areas. As for other river biota, discharge is the key environmental factor structuring
communities. In floodplains, fish seek refuge from current velocities and utilize food resources in
inundated areas. In levied and naturally constricted rivers, high discharge may cause high
mortality, particularly of larval stages, due to elevated current velocities in the channel (Likens,
2010).

Water bioengineering techniques can enhance and protect the fluvial ecosystems by:

- Triggering physical and chemical processes

-  Creating a diversified set of habitats

- River self-regeneration capacity

- Developing the riparian vegetation

- Recovering system connectivity. The four dimensions of a river: longitudinal, vertical,
lateral /floodplain and temporal (river connectivity).

- Protecting the riparian soils from erosion and slope instabilities.

The preceding aims can be included at the design stage of water bioengineering works and
throughout the monitoring stage, design feed-back loops and calibration actions can be
determined.

LINKS:
Video: “River ecosystem”.
Source: https: //www.youtube.com/watch2v=yn18PPgLSUY

Video: “Water Ecosystems: Rivers”.
Source: https://www.youtube.com/watch2v=Wgog5KY5Mb0

“The Role of Riparian Corridors in Maintaining Regional Biodiversity”
Source:https: //esajournals.onlinelibrary.wiley.com /doi/epdf/10.2307 /1941822
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9. RESTORATION OF WATERSHEDS AND RIVERS

River restoration is the process of managing rivers to reinstate natural processes to restore
biodiversity, providing benefits to both people and wildlife. Reintroducing natural processes can
reshape rivers to provide the diversity of habitats required for a healthy river ecosystem and
ensure their long-term recovery by addressing the root cause of the issue.

The concepts explained in the river system section, reflect the main points to be included in the
river restoration strategy and approach.

River restoration is also the re-establishment of natural physical processes (e.g. variation of flow
and sediment movement), features (e.g. sediment sizes and river shape) and physical habitats of
a river system (including submerged, bank and floodplain areas).

The character of river landscapes is largely a function of fluvial processes. Temporal and spatial
variability in disturbance by river flows, and the erosion and deposition of sediments, structure
riparian vegetation patterns; resulting in close associations between vegetation composition and
age, and geomorphological features (Bendix and Hupp, 2000).

There are three distinct influences of riparian vegetation on hydrological processes: (i) the
physical impact of living and dead plants on flow patterns (hydraulics); (ii) the impact of plant
physiology on water cycling; and (iii) the impact of riparian vegetation on water quality.

A key element in the physical impact of riparian vegetation on fluvial processes is the first of
these influences. Vegetation stands vary greatly in their hydraulic resistance and root strength,
and thus the degree to which they can resist erosion and induce sedimentation.

There are four types of mechanisms by which riparian vegetation actively influences fluvial
processes. Two of these are abiotic mechanisms: the flow resistance of the vegetation canopy;
and the impact of root systems on the erodibility of sediments. In addition two groups of biotic
mechanisms also play an important role: the reproductive strategies adopted by the plant
species, and the nature, magnitude and timing of propagule dispersal. These biotic mechanisms
are extremely important in influencing the potential distribution and establishment rates of
riparian vegetation (Bennet et al., 2004).

Vegetation also reflects the impact of floods in creating the conditions for seedling establishment.
This may occur where floods have deposited fresh alluvial surfaces or have removed the
vegetation from pre-existing surfaces (McBride and Strahan, 1984).

Water bioengineering works trigger the before mentioned biotic and abiotic mechanisms by
fostering the riparian vegetation development. Hence, soil and water bioengineering techniques
represent a very powerful tool in the overall river restoration scheme and strategy.
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9.1 |Identification of pressures and impacts and location of critical areas.European
Directives and Environmental assessment of watershed restoration.

The 1992 European Commission (EC) Habitats Directive and the 2000 EC Water Framework
Directive (WFD) made river restoration a fundamental part of river management in the UK and
Europe by requiring countries to improve the ecological status of their rivers.

The WFD establishes a framework for the protection of all waters (including inland surface
waters, transitional waters, coastal waters and groundwater) which, according to Article 1:

- Prevents further deterioration of, protects and enhances the status of water resources;

- Promotes sustainable water use based on long-term protection of water resources;

- Aims at enhancing protection and improvement of the aquatic environment through
specific measures for the progressive reduction of discharges, emissions and losses of
priority substances and the cessation or phasing-out of discharges, emissions and losses
of the priority hazardous substances;

-  Ensures the progressive reduction of pollution of groundwater and prevents its further
pollution; and

-  Contributes to mitigating the effects of floods and droughts.

9.2 Definition of the restoration intervention targets (level of the intervention
ambition)
River managers face significant challenges in restoring river ecosystems. These challenges include:

1. Returning rivers to a natural state is not feasible in most situations. Traditional
approaches to river restoration have relied on the use of natural rivers as a benchmark.
The degree of change in river basins around the world means that in many cases
returning rivers to a pre-development condition is now physically or economically
impractical.

2. Balancing the multiple roles of a river. River restoration is now often required to achieve
multiple objectives, by balancing the natural functions of the river with specific human
needs, which can require trade-offs in the planning process.

3. Complexity and scale. Many restoration projects have failed as a result of tackling issues
at the wrong spatial scale, often failing to consider basin-level processes. Operating at
a larger scale requires consideration of a greater number of issues, engagement with a
wider range of stakeholders and linking to a wider range of planning and
management instruments.

4. Increasing uncertainty over future conditions. The gross uncertainty over the future of
river basins makes it challenging to ensure that restored rivers are suvited to the future
world. Among other factors, uncertainty exists around changes in climate, land use,
population growth and urban development.

A restoration strategy should identify a long-term vision for the river basin, the desired outcome
of the strategy over the planning horizon (goals), and specific, measurable targets to be
achieved over the short to medium term (objectives). Goals and objectives should be framed, as
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much as possible, in terms of measurable changes to ecosystem function, the provision of
ecosystem services, and desired socio-economic benefits.

Developing a strategy for action requires an iterative process of considering potential goals

together with options for action (see Figure below). This requires a consideration of:

- The current condition of the river system, its historical trajectory, and the likely future
state of the system priorities for, and demands on, the basin, including those related to
socio-economic development and ecosystem conservation

- Feasibility of different options and potential constraints, such as limitations as a result of
budget, capacity, political will, or institutional mandate

- The appropriate scale at which to intervene
- The effectiveness of different measures

- The efficiency of different measures

- The approaches more likely to be sustainable over the medium to long term.

Historic trajectory

Where has the river come from?
What was it like?

Priorities and demands

What do we want the river
basin to provide?

Current condition
What is the current state?

What are the limiting factors to
river health?

Restoration goals
and objectives

Effectiveness

What approach will best
achieve the objectives?

Future state
What will the basin look like in 20

years time — dimate, development,
demands?

Constraints
Budget
Socio-economic

Institutional mandate

Restoration
measures

Scale

At what scale do issues need to be
addressed to achieve objectives?

Efficiency

What approach gives best value
for the investment?

Feasibility

What approaches are realistic given
constraints (political, mandate,
capacity, proposed development)?

Sustainability

What options can be maintained
into the future?

Figure 35 Considerations in selecting restoration goals, objectives and measures (source: UNESCO, 201 6)

The preceding iterative scheme, necessary for defining the river restoration goals and aims,
matches with the intrinsic adaptive management scheme necessary in water bioengineering
actions and works. This highlights the importance of the monitoring stage in river restoration

projects.
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9.3 Assessment indexes for determining the functional and ecological state of a
river

A critical part of improving river health is accurate assessment of the current ecological state of
river ecosystems so that causes of poor health, or the success of rehabilitation efforts, can be
measured. River health monitoring, which has traditionally concentrated on the use of structural
measurements (such as water quality or taxonomic composition of aquatic organisms), should be
complemented by functional indicators, such as rates of primary productivity and community
respiration or organic matter decomposition, to provide a more complete and accurate
assessment of the state of these environments.

Functional indicators are measures of the rate, or relative importance, of a particular process
happening in an ecosystem, while structural indicators focus on patterns of abiotic resources or
biological community composition (Matthews et al., 1982). In other words, functional indicators
measure the services or functions provided by ecosystems, while structural indicators measure
what lives in an ecosystem.

An advantage of including functional indicators in regular biomonitoring is the fact that these
measurements provide a truly integrated measure of stream health because 1) they are affected
by such a wide range of biotic and abiotic controlling variables, 2) they integrate environmental
conditions over a moderate time period, and 3) they integrate across a variety of habitat types
in a reach.

The use of fluvial functionality index (FFl) (Siligardi, 2007) is recommended for the overall
assessment of the river functionality and state. The objectives of the FFl is to evaluate the whole
river ecosystem with particular attention to its functionality in terms of retention and cycling
capacity of the fine and coarse particulate organic matter (short FPOM and CPOM) (Elwood et
al., 1983), of buffer potential of the riparian ecotones (Negri, 1997) as well as of morphological
structure able to support and sustain well diversified and stable biological communities (Sansoni,
1987). The FFI results can also be used in order to plan, forecast and verify the policy and
strategy applicable for the river and land management.

The results of the FFl method can be directly displayed on maps using a GS siftware. For each
river stretch, two lines are drawn corresponding the left and right bank and representing the
functionality level according to this method.
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Figure 36 An example of map with the FFl functionality level expressed with different coloured stretches
(Siligardi, 2007).

By means of this type of indexes it is possible to:
- Indicate the fragility of the river ecosystem ad therefore underlie which river features
(i.e., vegetation, bed, sinuosity, etc.) may cause a decrease of the functionality
- Be used to verify which water course areas are most suitable for river restoration
schemes (Negri et al., 2004)
- Foresee the possible effects of river works

It is also possible to use the FFl for assessing the performance and beneficial effects of water
bioengineering interventions.

9.4 Improvement of hydrological conditions: infiltration, runoff control,
improvement of vegetation cover, improvement of flow regime

Periodic flooding may allow certain riparian communities to persist through time with consistent
composition because repeated disturbance holds successional change in abeyance. Characteristic
variation in riparian forest composition is maintained by periodic flooding (Hosner and Minckler,
1963). The plant distributions are at least in part controlled by inundation frequency and
susceptibility of plants to damage by floods. Vegetation growing on the flood-prone channel
shelf tends to have a shrub growth form with small, highly resilient stems and the ability to sprout
rapidly from flood-damaged stumps (Hupp, 1983). Floodplain species are less tolerant of
destructive flooding than channel-shelf species but are tolerant to periods of inundation. Terrace
species may be intolerant of repeated flood damage or inundation (Cowell, 1993).

In arid, bedload-laden streams, an increase in gradient is often associated with a shift to a
braided channel pattern (Graf, 1988). The result is that a higher proportion of the valley floor is
occupied by relatively unstable, shifting islands and bars, relative to the more permanent
floodplain surface. The potential for disturbance is magnified, since powerful floods are
combined with an unstable substrate. The vegetation influences the river pattern by limiting the
braided patterns and hence, improving the preceding situation.

The simultaneous action and interactions of different-scaled variables affecting riparian
vegetation reflect the multidimensional context of fluvial systems. In analysing vegetation, it is
common to think in two dimensions how far is it from the channel horizontally, and how far is it
above the channel, vertically. Other dimensional may be critical: the longitudinal position in the
watershed, the characteristic of the watershed itself, and the site history. The actual species
composition reflects the unique intersection of environmental influences acting at varied scales
(Bendix, 1994).

In comparison with traditional engineering techniques, the non-technical benefits of plants are
often stressed along with the usual technical advantages. Four general groups of benefits of
biotechnical methods can be outlined:
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1. Technical advantages: - protection against surface erosion - an increase of
slope stability by root reinforcement and draining of the soil - protection
against rock fall and wind

2. Ecological advantages: - regulation of temperature and humidity close to
the surface, thus promoting growth - improvement of the soil water regime
via interception, evapotranspiration and storage - soil improvement and top
soil formation - improvement of and provision for habitat — improvement of
soil infiltration capacity

3. Economic advantages: - reduction of construction and maintenance costs -
creation of areas for agricultural and recreational use

4. Aesthetic advantages: - structures fit into the landscape - landscape is more
appealing

These advantages make soil and water bioengineering techniques a worthwhile consideration in
stream and bank rehabilitation.

LINKS:

“Restoring Rivers One Reach at a Time: Results from a Survey of U.S. River Restoration
Practitioners”.

Source:https: //onlinelibrary.wiley.com/doi/full /10.1111/j.1526-100X.2007.00244.x

Video: “Case Studies of river restoration”.
Source:https: //www.youtube.com /watch2v=-E-
OkMrQVvO&list=PL3eoaBdiC8XQagTbgKxEGksx3UhHED-Lc

Article: “Restoration of wetlands in the Mississippi—Ohio—Missouri (MOM) River Basin: Experience
and needed research”.
Source:https: / /www.sciencedirect.com/science /article /pii/S0925857405001916

Article: “Restoration of degraded lands in the interior Columbia River basin: passive vs. active
approaches”.
Source:https: / /www.sciencedirect.com/science /article /pii/S0378112701004510

Artice: “Riverbank Stabilisation”
Source:https: //www.youtube.com /watchev=mS87csAFCKI
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10. WATER BIOENGINEERING TECHNIQUES.

10.1 The techniques
Soil and Water Bioengineering techniques can be classified in different ways:

1- The main element involved in their design
e Soil Bioengineering: When the techniques are related with the earh

e Water Bioengineering: when the techniques are related wit the water environment,
fluvial, lake or costal

2-The role of the plant and the technical function it provide

e Coating techniques: techniques, whose purpose is the control of erosion and superficial
stabilization or revegetation of the soil.

Sowings, hydroseeding, hydromatt, organic mats, Transplantation of rhizomes and
stolon’s, division of turf and grasses, Plantation of reed stalks, stake of cane stalks.

e Stabilization techniques: techniques, in which certain woody species or their fragments
are used as principal elements to stabilize a slope or a river margin until a depth of 60-
150 cm.

Riparian stakes, live brushes,live combs, fascine, fascine of helophytes, brush layers,
brush mattress, living braided...

e Mixed or combined techniques: techniques based on the joint use of living plant
components and other materials that act as coating or stabilization elements until the
plant has the capacity to exercise these functions.

Simply River log cribwall, double living log cribwall, live palisade, vegetated rip rap,
vegetated gabions

e Complementary techniques: Each of the techniques which, although they do not act
directly on surface protection or stabilization of the earth contribute to achieve other
objectives of the techniques, such as ecological or landscaping objectives
fish ramps, fords for fauna, dykes...

3- The part of the river Water bioengineering techniques can be classified according to the
following categories (TS 14l; NRCS, 2007):

- Toe treatments
- Bank treatments

-  Flow changing techniques

In the following paragraphs the main water bioengineering techniques are presented. For
detailed information about each one, including construction stages and processes, installation
details, utilized materials, etc, please refer to the following references:

- NTJ 12S PARTE 5 and 6
- Construction type manual EFIB Verein Fur Ingenieurbiologie (Zeh, 2007)
- Bernard Lachat. “Génie Biologique” (PowerPoint slides). BIOTEC, March 20, 2009
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- Technical supplement 14l (TS14l), Engineering handbook of the NRCS (Natural Resources
Conservation Service) of the USDA (United States Department of Agriculture), 2007 .¢
- Manuale Lazio Ingegnieria Naturalistica in dmbito fluviale

TOE TREATMENT TECHNIQUES:

Coir fascines- Stabilisation technique

Coir fascines consist of coconut husk fibers boundtogether in a cylindrical bundle by natural or
syntheticnetting and are manufactured in a variety of standardlengths, diameters, and fill
densities for different energy scenarios.

Figure 37 Installation of coir fascines (source: Robbin B. Sotir and Associates Inc.)
Aquatic species rolls and single rolls, stabilisation technique

Rolls or clumps of aquatic species with single poles are used to protect the toe of an eroding
streambank. The aquatic rolls may consist of suitable native species. There is an alternative in
which the roll is constructed using coir mesh.

Figure 38. Aquatic species rolls constructed of coir mesh (source: HelgardZeh, Soil Bioengineering
Construction Type Manual, Zurich: European Federation for Soil Bioengineering, 2007 ,pp 322)
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Fascines with double poles, stabilisation technique

Fascines with double willow (or balsam poplar) poles are used to protect the toe of an
erodingstreambank. Fascines are live cuttings from branches and stems of suitable native
shrubsand trees which have properties of vegetative propagation.

Vegetation of graded surface using seeding,
seedlings, and live staking.

Optional Biodegradable Coir matting = 700
g/m’ with pins of 5 mm diameter x 60 cm
long, approximately 2 pieces / m",

Dormant willow branches of 2-4 cm diameter,
>2.0 min length, approximately 25 stems per
sectional area, layered with soil and gravel Fascine Bundle Alternative
and tied with mechanical wire of = 3 mm

digmeter.

TR0

Flat area created using back of excavator bucket.
Layer of small willow branches 0.5 - 1.5 cm diameter,
length > 70 cm and approximately 40 stems per linear
meter.

Willow poles pushed in using machine, 8-12 cm in

\/ \l diameter, length of > 2.0 m, spaced at 60 cm along
L edge of slope and 40-50 cm between poles

Figure 39. Fascines with double poles detail (adapted from Bernard Lachat. GénieBiologique, March 20,
2009-PowerPoint slides. BIOTEC)

Rock toe with one or multiple brush layer row- Stabilisation technique

A rock toe is placed along shorelines to provide erosion protection and a brush layer is
installedabove the rock toe. The brush layer consists of a row of live cuttings (native willow,
balsampoplar and red osier dogwood) placed in a criss-cross or overlapping manner in between
layersof soil, with tips protruding beyond the face of the fill.

Seeding

Live cuttings

Riprap

Figure 40. Rock toe with multiple brush layer rows (source: Terra Erosion Control Ltd. drawing)

Vegetated crib wall-Mixed technique

Vegetated log crib walls consist of multiple courses of logs, drainage material, geotextiles,
backfill and live vegetation.

75-235



SPECIALISATION PROCESS FOR THE ECOENGINEERING
SECTOR IN THE MEDITERRANEAN ENVIRONMENT

Figure 41. Log crib wall after first growing season (source; TS14l, NRCS, 2007)
Live palisade or bank pile wall-Mixed technique

The pile wall or live palisade is a helpful structure to consolidate unstable slopes and road
embankments. The front is protected against erosion during flood by means of live fascines. The
transverse elements are working as an anchoring system.

Weidenfaschine

Rundholz 18-25cm

Holzpilot 18-25cm

Figure 42. Source: Hans Peter Rauch, 2008

Fascine wall-Mixed technique

A fascine wall is a vertical bioengineering element. Several fascines vertically positioned are
mounted with wire on wooden poles with a diameter of 20 — 25 cm. The length of the wooden
poles are 3 m, two thirds of the poles are driven into the ground.
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Figure 43. Source: Hans Peter Rauch, 2008

Vegetated gabion wall/vegetated rock wall- Mixed technique

Gabions are rectangular shaped containers made from twisted wire mesh or welded wire
meshthat are filled with stone. When live materials are combined with the gabion baskets they
arecalled vegetated or green gabions.

Figure 42. Live branches placed between gabion baskets (source: D.H. Gray and R. B. Sotir, Biotechnical and
Soil Bioengineering Slope Stabilization. A Practical Guide for Erosion Control (New York: John Wiley & Sons,
Inc., 1996), 290.)

BANK TREATMENTS

Live pole cuttings or live stakes, Stabilisation technique

Live pole cuttings are dormant stems, branches, or trunks of live, woody plant material inserted
into the ground with the purpose of getting them to grow.
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Figure 43. Live stakes. Source: Stream Corridor Restoration: Principles, Processes, and Practices, 10/98, by
the Federal Interagency Stream Restoration Working Group (FISRWG).

Live pole cuttings are dormant stems, branches, or trunks of live, woody plant material inserted
into the ground.

Brush layers, Stabilisation technique

A brush layer consists of a row of live cuttings (willow spp., poplar spp., etc.) placed in a criss-
cross or overlapping manner in between layers of soil with tips protruding beyond the face of
the fill.

Suitable for bank stabilization and erosion control of steep eroded banks in conjunction with / or
above constructed toe protection structures.

Figure 44. Brush layers installation (source:Terra Erosion Control Ltd. photos.)
Contour fascine, Stabilisation Technique

Contour fascines are another use of fascines to assist in controlling overland flow by breaking
long banks into a series of shorter banks

The structure provides immediate protection against surface erosion, due to its orientation
(approximately perpendicular, even at an angle) to the slope face and its porous barrier-like
installation.
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\
600 mm long steel pegs at 800 mm centres

Figure 45. Fascine construction (siurce : H.M. Schiechtl and R. Stern, Ground Bioengineering Techniques for
Slope Protection and Erosion Control (Cambridge: Wiley-Blackwell, 1996, 70.)

Brush matiress, Stabilisation technique

A brush mattress is a layer of live cuttings placed flat against the sloped face of the bank (fig.
TS141-28).

Dead stout stakes and string are used to anchor the cutting material to the bank. This measure is
often constructed using a fascine, joint planting, or riprap at the toe, with live cuttings in the
upper mattress area.

N

v - .
S

Figure 46.Brush matiress installation (source: TS14l)

Vegetated reinforced soil. Stabilization technique

A vegetated reinforced soil slope (VRSS) system is made up of layers of soil wrapped in
synthetic geogrid or geotextile with live cuttings or rooted plants installed in between the
wrapped soil layers. As with brush layering or branch packing, the branches or rooted plants
protrude beyond the face of the bank. The live cuttings contribute to soil reinforcement along
with the geogrid.
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Figure 47. Vegetated reinforced soil (source: drawing by Paola Sangalli)
Brush wattle fence, Stabilisation technique

Treatments are intended to promote sediment deposition and protect the bed from erosion.

They are typically installed in multiple rows along flood plains and areas adjacent to banks.
Wattle fences are rows of live stakes or poles with live wattling materials woven in a basket-like
fashion.

Figure 48.Wattle fence after installation (source: TS14l)

For a more comprehensive list of water bioengineering techniques please, use the before
mentioned references.

FLOW CHANGING TECHNIQUES
Bioengineering groynes:

Ecological groynes influence the flow at low water level conditions. The deflection of the flow
enables different fields of flow velocities and consequently sedimentation and erosive processes
are activated giving place to an enriched hydrodynamic situation within the riverflow. A wide
range of different flow velocities improves the aquatic habitats for the fauna. The classification
of groynes is based on material, height of the structure and the technique alignment.
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Stromrichtung

~ Stromungsverhéitnisse
s B P und Verlandungsart

fluBabwiirts — deklinan'

Figure 49. Groynes with different alignment: declinant, transverse and inclinant. Source: Hans Peter Rauch,

2008

Examples of bioengineering groynes are the following: palisade groyne, rock groyne, wattle
fence groyne, wooden structure groyne and rough tree.

Figure 50. Example of bioengineering groyne. The wooden structure groyne. Source: Hans Peter Rauch, 2008

10.2 Materials and plant biotechnical traits

The typical materials used in water bioengineering works can be classified as (NTJ 12S parte 6):
Living material: e.g., Plants and part of plants, seeds, live stakes, live branches, etc.

Inert biodegradable materials: logs, timber, organic mats, geoproducts made of natural fibres,
organic amendments, etc.

Inert natural materials: rocks, earth, aggregates, etc.

Manufactured materials: geogrids, geotextiles, wires, nails, bolts, wire nets, gabions, etc.

For the particular use of the preceding materials in each technique can be found in technical

details drawings and schemes such as those included in:
- NTJ 12S PARTE 5 and 6
- Construction type manual EFIB (Zeh, 2007)
- Bernard Lachat. “Génie Biologique” (PowerPoint slides). BIOTEC, March 20, 2009
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The use of plants in structural and civil engineering is based on knowledge and observations of
their properties, which often date back centuries. Thanks to their different properties, plants can
respond flexibly to their environment and are therefore employed to perform engineering
functions (EFIB, 2015). The plant biotechnical properties are:

-Their capacity to reproduce and develop in different ways trough seeds and/or trough
vegetative forms,

-Their regeneration capacity following damage and adverse environmental changes,

-Their extraction capacity water from the soil and release it to the atmosphere
(evapotranspiration),

- Their capacity to consolidate and strengthen soils. The main plant properties related to this
biotechnical trait is the plant capacity to generate deep and well distributed roots. Root tensile
strength, root depth and root architecture are the main factors defining this capacity.

-Their capacity to connect and interlink different materials and structures,

-Their capacity to cover surfaces,

-Their capacity to intercept /retain / moving solid materials, dissolved substances and water,
-their capacity to tolerate burying or submersion by developing sprouting roots,

-their ability to adapt to changes in local conditions like the variation on the velocity of the water
flow in a channel.

10.3 Hydrology and hydraulics applied to water bioengineering

As explained before, the determination of the discharge values for the different period of return
is essential for determining the flooding areas and the main hydraulic variables values.

Bankfull discharge is the flow that reaches the transition between the channel and its flood plain
and is thus morphologically significant (Leopold and others, 1964). Bankfull may be functionally
defined and identified as the stage or flow at which the stream is about to overtop its banks
(Leopold and others, 1964; Leopold, 1994) and is reported to occur every 1 to 2 years. In soil
and water bioengineering works, bankfull discharge values are used to determine the different
plantation zones and to locate the changing flow techniques position and orientation.

The main hydraulic values to be determined are the following:

Water level determination: The elevation and lateral relationships to the stream can be described
in terms of riparian planting zones. For this definition, the water level must be determined. These
riparian planting zones can be used to determine where riparian species should be planted in
relation to the waterline during periods of flow.
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Figure 49.Source: Technical supplement 14l “Stream Soil Bioengineering”, NRCS

Velocity and shear values: the effect of the water current on the stability of any streambank
protection treatment must be considered. This evaluation includes the full range of flow conditions
that can be expected during the design life of the project. Two approaches that are commonly
used to express the tolerances are allowable velocity and allowable velocity and allowable
shear stress. For these methods to be applied, a hydraulic simulation is necessary for assessing
the hydraulic conditions in the intervention area.

The combination of hydraulic and geotechnical variables can also be used to assess the evolution
of the fluvial slope in rapid draw down scenario.
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Figure 502.Rapid draw down effect on a fluvial slope
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A methodology and freeware for assessing the preceding situation was developed by the
Laboratory of the USDA. As a result of this research the BSTEM (Bank stability and Toe Erosion
Model) software was produced (Pollen and Simon, 2005).

The design parameters of a water bioengineering action depend on the number of data on
flood events. Minor stabilization measure of an embankment, for example in agriculture and
horticultural areas, may consider a recurrence period of the 5 year flood is normally sufficient.

Regarding important transport infrastructures and buildings a 100 annual flood should be taken
as a basis (EFIB, 20135).

Vegetation influences on the main hydraulic variables:

The main influences of the vegetation on the main hydraulic variables can be expressed in terms
of:

Roughness: vegetation plays a key role for estimating the roughness of a channel and
consequently for the morphology.

18.0cm 20.0cm 50cm 30cm
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Figure 53. Distribution of velocities with and without vegetation (source: DVWK, 1991)

In the preceding figure the vegetation effects on the velocity fields are depicted. In the left side

of the figure there are no vegetation influences. On the right side of the figure there are clear
vegetation effects.

Bed shear stress: the vegetation protects the river bed from flow drag forces. The hydraulic
stress on a plant with elastic behaviour leads to longitudinal and transverse contraction. The
following figure shows the behaviour of a plant by different velocities.

Om/s
— — —1m/s
————— 2m/s

T T Eeecetmcera e

Figure 54. Deflection of Salix sp. at different velocities. Left: profile view; right: plan view (Oplatka, 1998)

The preceding effect release the river bed from the river flow boundary shear stresses.
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The protective functions of the vegetation depend on the vegetation mechanical behaviour during
flood events. Different types of behaviours can be distinguished:

- Elastic vegetation
- Rigid and dense vegetation

- Rigid and isolated plants (e.g. isolated trees)

Left: flexible vegetation; center: rigid and dense vegetation; right: isolated rigid vegetation
(isolated trees)

Flexible vegetation bends down over the riparian soil protecting them against the erosion
processes. In this case, the vegetation decreases the flow velocity values.

The vegetation effects on the flow velocity can be assessed according to the following
approaches:

By using the Gauckler-Manning-Strickler (GMS) flow formula:

Vm =kst'R2/3'\]1/2 :%'RZ/?"JUZ

Where:

vm = average velocity
Kst = Strickler coefficient
R = Hydraulic radious
J= energy line slope

The values of the Strickler coefficient for the different vegetation types are the following:
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Kst = 30-40 m1/3 51 for the submerged herbaceous vegetation
K¢ = 15-25 m1/3 s-1 for the submerged shrubs case (flexible woody vegetation)

Kst = 3-4 m'/3 s for trees and rigid shrubs case (rigid woody vegetation)
The factors

By using the Felkel formula:

v, = ko'Lo"'kp'Lp LR?/3. gu2
u
Where:
ko = Strickler coefficient without vegetation
Lo = length of the cross-section without vegetation

ko = Strickler coefficient with vegetation

L, = length of the cross-section with vegetation

According to Coolebrook-White logarithmic flow formula:

v = (&_gjm .RY2. g2
A

Where:

g = gravity acceleration (9.81 m/s2)

A = coefficient of roughness = Ap+ Aso

Ao = resistance coefficient expressing the plant effects

Aso = resistance coefficient for the riverbed or riverbanks (no vegetation effects included)

In the vegetated part of the river cross-section, the strength coefficient (A) can be estimated as
follows:

A = resistance coefficient in the vegetated part of the river cross-section= A,+ Aso
Ao = resistance coefficient expressing the plant effects

Aso = resistance coefficient for the riverbed or riverbanks (no vegetation effects included)
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A method for calculating the A, (part of the resistance coefficient expressing the plant effects) is
the following:

4-hp-dp-COSa 4.A -cosa
= -C = p ;C

a,-a, P a,-a, P

A

p

Where:

hp = plant height (m)

dp = plant diameter (m)

ax = distance between tha plants in the flow direction (m)
ay, = distance between plants trasverse to the flow (m)

a = slope angle (°)

Cp = coefficient of a single plant

Ap = area of the submerged plant (m2)

starre Vegetation:

flexible Vegetation:
A.=h, xd,

Image showing the way to calculate the term A, (source: Rauch, 2005)
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Unlike the flexible vegetation, rigid vegetation both reduces the effective hydraulic cross
sectional area and generates local erosion processes. The hydrodynamic resistance offered by
the rigid vegetation can be assessed according to:

V2
F, :pw.?.cp A,
Where:

pw = water density (Kg/m3)

The other terms have already been defined in preceding formula.

The flexible vegetation also offers hydrodynamic resistance although its effect is lower than the
rigid vegetation case. In the flexible vegetation case, the following formula can be used:

v
. szpw'?'cp'Ap

F(N)
A
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Variation of the hydrodynamic resistance with the vegetation rigidity and the flow velocity. Plot
a) flexible vegetation, plot b) middle rigidity, plot c) rigid vegetation (source: Vischer and
Oplatka, 1998)
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On general terms, the effects of the different vegetation types are the following:
Rigid and dense vegetation effects:

- Reduction of the effective hydraulic cross sectional area,

- flow velocity decrease,

- good protection against erosion processes,

- an increase in the water level, it may cause flood in the nearby areas

Isolated and rigid woody vegetation (isolated trees):
- Water deflection,

- Low water velocity reduction

- generation of turbulence processes,

- Local erosive processes,

- dragged trees can block bridge spans

According to the preceding analysis, an effective protection of the riverbanks can be achieved
by combining flexible vegetation and dense and rigid woody vegetation. Ideally, flexible
vegetation should be placed at the toe and lower part of the riverbanks and trees should be
placed at the top of the banks.

Currently, there are research lines contributing with new information and approaches for
assessing the vegetation effects on both the river flow and the riverbanks protection. For further
readings please refer to H P Rauch (2008).

10.4 Project, construction, maintenance and monitoring-brief introduction

The water bioengineering project should follow the “minimum intervention” principle. It should
include the analysis of the living material availability, the average construction time required, a
monitoring plan or schedule and the maintenance costs.

Detailed construction drawings are very helpful for an adequate construction of the
bioengineering techniques.

Throughout the construction stage a quality control of the utilised materials (living and inert
materials) is essential.

The initial maintenance costs of biotechnical structures are higher than those of conventional
structures but they become much lower, and also more steady later on. Maintenance of wood
vegetation depends on (Anselm, 1976):
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- maintenance frequency

- age of the riparian thicket, density of growth

- successional stage (pioneer stage up to climax)

- accessibility and width of growth

- species (willows are more effective in bank securing but need more care)
- water quality (increase of submerse plants when water quality drops)

- size of the stream

- density of stream network

- stream region (upper, medium and lower reaches)

- debris and sediment transport

For the monitoring programme, vegetation plots can be used (e.g., 100 m2 circular plots, Tm2
plots on shoreline trench). Analysis of the plant survival rates will be very useful for proposing
improvement for future works.

The main purposes of the monitoring plans will be:

- Evaluate and verify success of revegetation
-  Establish a framework and protocols to assess revegetation overtime

Within the performance analysis of the bioengineering intervention, both the ecological and
social benefits must be part of the overall assessment and evaluation of the works.

The protocols generated throughout the ECOMED project could be used for:

- Defining the field work variables and procedures associated to the monitoring plan

-  Generating the work analysis report

-  Generating the bioengineering work performance analysis

- Proposing improvements at the design, construction, maintenance, and monitoring levels.
Generate lessons learned for future works.

LINKS:
Video: “Bioengineering”
Source:https: //www.youtube.com /watchev=EDZYMaSu9Tk

Video: “Restoring Shorelands with Bioengineering”
Source:https: //www.youtube.com/watch2v=GCHt1vésOeY

Video: “Restoring Shorelands through Bioengineering”.
Source:https: / /www.youtube.com /watch2v=taHUhDOOXsw

“Soil bioengineering techniques for riparian restoration”
Source:https: / /cve.ca/wp-content/uploads/2011/02/2002-polster.pdf
“Bioengineering techniques for streambank restoration”
Source:http: / /www.env.gov.bc.ca/wld /documents /wrp /wrpr 2.pdf
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12. EXERCISES

12.1 Exercise 1. Sizing the stone diameter for the slope toe protection of a fluvial

slope.

In the framework of a integrated restoration actions

A hydraulic simulation was performed and the values of the main hydraulic variables were
obtained. Assume that the average velocity and average boundary shear stress in the
intervention river stretch are the following:

v=230m/s
t =125 N/m?

Determine a adequate stone size for protecting the slope toe and for complementing the water
bioengineering techniques.

Solution:
Two different methods will be used:

Method 1: Lowe (1996). Fish Habitat Enhancement Structures - Typical Designs, (Edmonton, AB:
Alberta Environmental Protection, Water Resources Management Services

Method: U.S. Bureau of Reclamation (USBR EM-25) method

According to the first method, for a water velocity of 3 m/s, the stone sizing gradation is the

following:
Stone size | % passing
450 mm 0
350mm 20
300 mm 50
200 mm 80

The formula used in the second method is:
D50=0.0122V,206

Where:

Dso=Stone size in feets (1 m = 3,2808 feets)
Vo =average velocity in feet/s

Applying the formula we get:

Dso= 1,35 pies = 0,41 m.
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We will use the biggest size obtained in both methods. Therefore, we will use stones with 0.41 m
of diameter.

12.2 Exercise 2. Selecting the water bioengineering technique given a certain
average velocity and average boundary shear stress

Water bioengineering techniques are going to be used in a river stretch. There is a high erosion
rate affecting the riparian soils and an adequate protection is needed to be designed.

A hydraulic simulation was performed and the values of the main hydraulic variables were
obtained. Assume that the average velocity and average boundary shear stress in the
intervention river stretch are the following:

v=20m/s
t =125 N/m?

Determine which water bioengineering techniques could be used with the preceding hydraulic
conditions.

Solution:

Two different techniques election criteria will be used: maximum velocity allowable and
maximum boundary shear stress allowable.

The selected techniques will have to withstand the hydraulic conditions present in the intervention

area both at the end of construction stage and at the mid-long term.

At the end of construction stage, the vegetation renforcement effects cannot play a role in the
riparian soil conservation strategy. It takes a year for the vegetation to develop and reinforce

both the soils and the used soil and watre bioengineering techniques.

The period of return selected for the design is 10 years. During this time, the vegetation will have

enough time for developing and offer their stabilising role.

The allowable velocity and boundary shear stress for the different soil and water bioengineering
techniques are shown in the following techniques (without including the vegetation role) (Note:
please note that these values could be different in other conditions):

Table 1Sources: NRCS, 1996; Hoag and Fripp, 2002; Fischenich, 2001; Gerstgrasser, 1999; Nunnally and

Sotir, 1996; Gray and Sotir, 1996; Schiechtl and Stern, 1994; USACE, 1997; Florineth, 1982; Schoklisch,
1937

Water bioengineering Allowable boundary Allowable velcity

techniques stress (N/m2) (m/s)

Live log crib wall

200 2,5-3,0
(double wall)
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Palisade (simple log
200 2,5-3,0
crib wall)
Brush mattress 150 1,2
Live brush wattle fence 100 1,0
Live poles 100 1,0

The preceding values do not include the vegetation reinforcement effects and therefore,
correspond to the end of construction stage. Once the vegetation is well developed and able to
reinforce the riparian soil and the water bioengineering technique, the allowable strength values
are presented in the following table:

Table 2 Sources: NRCS, 1996; Hoag and Fripp, 2002; Fischenich, 2001; Gerstgrasser, 1999; Nunnally

and Sotir, 1996; Gray and Sotir, 1996; Schiechtl and Stern, 1994; USACE, 1997; Florineth, 1982;
Schoklisch, 1937

Water bioengieering Allowable boundary Allowable velcity

techniques stress (N/m2) (m/s)

Live log crib wall 300 3.0.4.0
(double wall) T
Palisade (simple |

a |s‘a e (simple log 300 3,0-4.0

crib wall)

Brush mattress 400 3,0
Live brush wattle fence 250 3,0
Live poles 250 3,0

Using the first table, according to the velocity criteria, the techniques to be selected are the

following: live log crib wall and live palisade.

According to the shear stress criteria, the selected techniques are the following: Live log crib wall,

live palisade and brush mattress.

Therefore, combining both criteria, the selected water bioengineering techniques are the

following: live log crib wall and live palisade.

If we were to use other techniques such as live brush wattle fence, an extra reinforcement would

be necessary (e.g., rip rap).
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13. CASE STUDY ANALYSIS

A case study analysis throughout the project, construction and monitoring stages is presented. The
assessment of the intervention performance, conclusions and improvements are also shown.

The intervention area description:

The Artia channel renaturalization project was one of the first soil and water bioengineering
project done in the Basque Country and in Spain.

The Artia creek was channelized to prevent the frequent floods that were affecting the nearby
neighbourhoods. The pre-operational scenario is a channelized creek (the Artia creek) with a
trapezoidal cross-sectional shape made of concrete.

Main problems to be addressed in the intervention:

The river dimensions were not functional. There was no connection between the floodplains (no
lateral connection) and there was no vertical connexion either (the riverbed made of concrete).
The longitudinal dimension was also much altered. There were no natural transport dynamics and
the hydrodynamic of the Artia creek was not functional. There was no riparian vegetation.

Figure 51 Pre-operational situation (initial situation). The channel was formed by a trapezoidal cross
section made of concrete

Main information for the project description:

The project consists of the demolition of the concrete channel and the construction of the new
renaturalized creek using soil and water bioengineering techniques.

The project included the following actions:
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- Elimination of the left hand side concrete wall.
- Demolition of the river bed concrete
- Construction of wider banks. Grading the slopes. Softening the creek fluvial slopes

- Establishment of a riparian vegetation buffer

Main strategy followed within the project:

The main objectives of the project were the following:

- Restoration of the river system functionality

- Restoration of the creek fluvial dimensions (lateral, vertical, longitudinal and temporal)

- Restoration of the riparian vegetation by implementing a phytosociological approach.

- Triggering ecosystem services and improving ecosystem functionalities

- Improvement of flora and fauna habitats

- Implementing the soil and water bioengineering approach which includes the
development over time of the stabilizing role transferring processes between the inert
materials and the plant communities.

Main results and calculation obtained in the project:

At the design stage, the following variables were calculated:
The maximum shear boundary stress was lower than 100 N/mz2.

Rock size was calculated for both the fluvial slope and the riverbed positions. The methods used
for each case are the following:

- Rock size over the fluvial slope: Hallmarte method, Pilarczyk formula, Maynord formula.
- Rock size at the riverbed: RIP-RAP software.

Both the grain size curve and the rock wall thickness were also calculated.

Main soil and water bioengineering techniques used:

At the right river banks the water bioengineering techniques were the following:

Double log crib walls (with live branches of Salix atrocinerea and Salix alba), vegetated rock
walls (with Tamarix gallica and Salix sp live branches).

At the leftriver banks the water bioengineering techniques were the following:

Brush mattresses (with Tamarix gallica live branches and Salix sp live stakes), and gabion
mattress (with hydroseedling or Phragmites sp transplantation).

Tree plantation along the river banks (Fraxinus excelsior, Alnus glutinosa and Acer platanoides).
Plantation of shrubs (Hedera helix, Coryllus avellana, Cornus sanguinea and Eounymus europaeus).

The living materials used were: Tamarix gallica live stakes, Salix sp live branches.
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Figure 52 Example of a project cross sectional view (a brush mattress on the left riverbank and a double crib
wall on the right riverbank)

Figure 53 Construction of the Artia River and 6 months later — Irun -Spain — Basque Gouvernement  Picture
P. Sangalli

Construction stage analysis. Main conclusions.

The live stakes were not classified per plant species. This explains the inverse distribution of
riparian plant species in some stretches of the Artia creek. For instance, one can find the Fraxinus
excelsior right by the river and the Salix sp in a further position form the river.

The work force lack of experience in soil and water bioengineering works was another limitation
of the construction stage.

Ensuring that the work force is well trained in the construction of soil and water bioengineering
techniques is a crucial factor for an adequate development of the construction stage. By including
a course before the beginning of the construction stage a minimum training level of the workforce
would be ensured.

Monitoring stage analysis:

There was a monitoring after the construction stage, it was visited in several times during the first
5 years and the vegetation was maintained by thinning.

The outcomes of the maintenance actions are satisfactory.

Performance analysis:
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For the performance analysis, according to the Ecomed project protocols (www.bioecomed.eu), a
field work was carried out in order to characterize the water bioengineering techniques
performance.

Both vegetation and the current state of the wooden elements were analysed. For the vegetation
characterization, different dendrometric variables were measured (e.g., diameters, heights,
basometric areq, etc). For the wooden elements (logs) characterization, resistograph tests were
carried out.

ARST BRIDGE

"
QUADRANT 2 I I I QUADRANT 3
I QUADRANT 4
QUADRANT 5

QUADRANT & I I I

THIRD BRIDGE

Figure 54 Quadrants localization (sampling spots) selected for the field work

After analysing the field work collected information, the following conclusions were reached:

The bioengineering work has fulfilled the pursued obijectives. The Artia creek renaturalization
process is fully developed. Compared to other reaches where the Artia creek is still channelized,
the fluvial scenario is completely different. Many fluvial processes are present within this reach of
the Artia creek. Ecosystem services are now offered to the citizenship of the surrounding areas.

The river dimensions have been restored (longitudinal, vertical, lateral and temporal).
The main limiting factors are the following:
The width limitations of the right riverbank

The mowing of the adjacent meadows is negatively affecting the development of the riparian
zone in terms of its structure and plant composition.

A completely new dynamic was generated after the implementation of the soil and water
bioengineering approach and methodology. A riparian buffer area was developed. The
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stabilization role transfer between the initial inert element (the logs) and the evolving vegetation
has been fully developed. The soil and water bioengineering strategy has been successfully
accomplished.

The fluvial hydrodynamic processes have also been activated. Riffles and slow water areas are
present now in the Artia creek.

The trunks in ground contact are much deteriorated. The logs are no longer fulfilling any
stabilising function. The remaining function is the fertilisation of the surrounding soil. Actually,
nowadays the logs just work as a slow release organic fertilizer. The vegetation has already
taken over the stabilization function. The volume occupied by the logs is now occupied by the
roots and by the formed soil. The soil and water bioengineering approach and strategy has
been successfully developed.

Proposals of improvements for future soil and water bioengineering works:

At the design stage, the following parameters should have been calculated:

The diameters of the wooden elements used in the soil and water bioengineering techniques.
The ramming depths of the vertical elements.

Plant selection: Tamarix sp. was proposed to be used in all the log crib walls regardless sea
tidal influence. The use of Tamarix sp. live branches is adequate for the stretch under the tidal
influence. Outside that influence, the Salix sp live branches option is more adequate.

Strategy implementation: more explanations about the soil and water bioengineering approach
would improve the project contents.

Bioengineering techniques selection. A justification of both the techniques selection and the
techniques localization is lacking in the project.

Plantation schemes or drawings showing the distribution of the different plant species over the
intervention area would have been very useful for the construction stage. Above all because of
the limited experience the companies had in the Basque Country by that time.

The selection of the bioengineering techniques and their distribution over the riverbanks is
correct, but it seems to be oversized.

Improvements at the construction stage:

The wooden material utilised during the construction stage were green and barked logs. Because
of this situation, the logs had a high water content level and the moisture loss process was very
low. Hence, the logs were very vulnerable to the fungi attack from the very beginning of the
bioengineering work service life. A minimum seasoning is recommendable to decrease the log
water contents before their use in bioengineering works.

The live stakes were not classified per plant species. This explains the inverse distribution of
riparian plant species in some stretches of the Artia creek. For instance, one can find the Fraxinus
excelsior right by the river and the Salix sp in a further position form the river.

The work force lack of experience in soil and water bioengineering works was another limitation
of the construction stage.
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Ensuring that the work force is well trained in the construction of soil and water bioengineering
techniques is a crucial factor for an adequate development of the construction stage. By including
a course before the beginning of the construction stage a minimum training level of the workforce
would be ensured.

Improvements regarding the performance analysis:

The mowing of the adjacent meadows is negatively affecting the development of the riparian
zone in terms of its structure and plant composition. A good coordination with the existing green
zone maintenance actions would improve the overall performance and ecological development
of the intervention area.

Figure 55 Artia Channer — Before the works and nowadays Basque Government and P.Sangalli
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14. LEARNING AND TEACHING ACTIVITIES

The delivery of this module is web-based. It is essential that the student works through the
reading materials and exercises provided on the virtual learning platform (VLP). Formal lectures
are enhanced with tutorial/seminar sessions which allow for discussion. The delivery of this
module is also via flexible learning (i.e. self-study). All the material are provided on VLP and
presented in the form of course units and reading and self-study materials. It is the responsibility
of the student to study in his/her own time. The student should also take the responsibility to seek
clarification and/or guidance from the theme-specific Module Tutor or Module Leader.

The module is underpinned by assessment activities based on two courseworks. Students are
encouraged to apply knowledge and insight gained from the tutorial/seminar sessions in their
courseworks.

You will be expected to attend and to take notes at the tutorial /seminar sessions. For some (but
not all) of the sessions you will be given an access to the lesson plan and/or miniature copies of
the slides used during the presentation as support notes. Handouts will also be issued from time
to time at the sessions. Spare copies of issued materials will be available at the discretion of the
lecturer responsible for that section of the course. You will have regular opportunities for face to
face contact with your tutor at these sessions.
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15. ASSESSMENT AND FEEDBACK

This module is continuously assessed during the course of the semester. The assessment comprises
a case study evaluation, a practical case and multiple choice questionnaire. The pass mark for
this module is 50% - you must achieve an overall aggregate of 50%. The weightings of each
assessment are as shown in the table above.

Full details of the course works are contained in the Coursework Briefs which will be issued in due
course.

Note: Failure to submit the coursework for the appropriate deadline without ‘good cause’ will be
regarded as a non-submission, and hence will result in failure in this module. If you have a good
reason for needing an extension to the deadline, you must discuss this with the module leader
beforehand, or if this is not possible, within seven days of the published hand-in date.

To help you guide your development you will be provided with feedback on your performance
throughout the module. This feedback will generally be presented to the class as a whole in
which general comments about common positive and negative aspects of the cohort’s overall
performance will be provided. You will be given an opportunity to individually review your
marked work to help you understand which aspects of your studies you are performing well in
and which aspects require further attention. These comments will be made with regard to both
the communication skills (i.e. spelling, grammar and presentation) as well as the technical content
of the module. You are entitled to keep marked submissions for your review - however, you must
return these when asked by the Module Leader or Module Tutor.
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16. DIRECTED LEARNING AND PRIVATE STUDY

As you are expected to 'read' for your degree, you will spend about as much time in directed
reading and private study as in enhancement sessions. This is non-negotiable and, therefore,
lecturing staff will expect you to be up to date with the current theme.

The indicative reading for this module comprises mainly open-source documents accessible to all
in electronic format. Local libraries hold a large stock of basic reference texts which are
available on short and extended loan. Academic libraries subscribe to a number of professional
journals/magazines published by the leading professional bodies, and you will be expected to
demonstrate evidence of having sourced information from these in your coursework activities.

You should also make use of web-based materials and visit appropriate sites to develop a wider
knowledge of the key issues and activities of not only your chosen discipline, but also in other
related fields.

Please refer to the Module Descriptor for a detailed reading list. However, you may also wish to
have a look at a number of Internet sources of information, which will be given in the References
/ Learning Resources section.
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17. MODULE DIFFICULTIES AND EVALUATION

If you have a particular problem with the academic content or the completion of any aspect of
the module, please speak to the module leader in the first instance. If the problem persists, you
should speak with your employer or Academic tutor.

A module evaluation form will be made available to you on-line after the module is complete
and you will be asked to address the set questions carefully and make any comments about the
module in order to help us develop and improve the module content and delivery. These forms
are analysed (anonymously) and the findings considered by the appropriate professional
organisation as part of the Quality Assurance processes. However, please feel free to contact
the module leader with comments that you may have about the module in the first instance.

17.1 General Notes on Coursework Requirements

It is not easy to give hard and fast rules about criteria for marking either written reports,
particularly those for which a specific answer is not appropriate. However, it is important that
you first study carefully the coursework brief to make sure that you know what is expected.
Please refer also to the General Marking Criteria in your Programme Handbook, which give you
an idea what we are looking for in grading work at Masters level. You may then consider the
following as universal marking criteria for written reports.

The following constitute positive criteria for marking and will be rewarded:

*  Work that is planned and structured

*  Work which embodies an argument and is rigorous, logical and sustained

*  Work that is concise and precise

*  Work that is clearly presented

*  Work that is fully referenced

* Text which embodies a balance of explanation and analysis

* Text in which specific claims made in the narrative are supported by evidence

*  Work which consistently engages with the question and is relevant to the topic

The following constitute negative criteria for marking and marks will be deducted for:

*  Work that is deficient in planning and structure

*  Work that is poorly argued

*  Work that is poorly presented

*  Work that is poorly referenced

*  Text in which claims are made in the narrative that are unsupported and which lapse into
opinion and anecdote

*  Text which is deficient in explanation and analysis

*  Text which is simply a reproduction of lecture notes or in which originality, innovation and
imagination are conspicuous in their absence

* Text which does not relate to the terms of reference

And one other thought:
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It is important that your courseworks are properly referenced as you will be submitting your
courseworks via the plagiarism detection software facility on the VLP.

Plagiarism is defined as: “to use another person's idea or a part of their work and pretend that
it is your own” (http://dictionary.cambridge.org/)

*  This definition is straightforward - note it well and remember it. Plagiarism is a form of
scientific misconduct and it may result in ‘the suspension of the student from the university’
as it is a serious offence. (see the university regulations regarding cheating and
plagiarism, clause 8)

* Remember that each of the assignment activities is to be the student’s own
individual attempt - no student should collude with others or use someone else’s work.
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18. PERSONAL DEVELOPMENT PLANNING (PDP)

PDP is embedded within ECOMED to assist you to develop as an independent and confident
learner, not only during your time with us, but throughout your future career. It also allows more
effective monitoring of your progress while undertaking your degree programme studies. The
process has been described as

“A structured & supported process undertaken by individuals to reflect upon their own learning
and performance, and/or achievement, and to plan for their personal education and career
development.”

As a member of a professional graduate community, you will be required to undertake
Continuing Professional Development throughout your career. Learning therefore must be seen as
a lifetime activity, and the introduction of PDP at the early stages of your career prepares you
for these future requirements. PDP provides an opportunity for you to develop your capacity for
learning by getting you to reflect on why and how you are learning, and to become more
capable of reviewing, planning and taking responsibility for your studies. All of the foregoing
will of course be supported by staff, in particular your Academic Tutor. The key objectives of the
PDP process can be summarised as follows:

* To help you become a more effective, independent and confident self-directed learner

* To understand how you are learning and be able to relate that learning to a wider
context

* To improve your general skills for study and career management

* To articulate your personal goals and evaluate your progress towards these

* To encourage you to develop a positive attitude to learning throughout your professional
life.
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19. OPEN ACCESS TO RESOURCES

Access to a wide range of services, information and software can be made through the ECOMED
homepage page: http://www.ecomedbio.eu. You will be automatically given access to the
virtual learning platform (VLP ; e.g. Moodle) when you register with ECOMED. VLP is the basic
gateway to all other software and electronic resources on the ECOMED webpage. VLP is an
instructional software package which you are expected to use to read announcements, access
resources and communicate with staff associated with the module.

You will be updated on progress with any upgrades and new palpitations of the software and
resources. All software and related problems are dealt with by the ECOMED Helpdesk.

QUESTIONS FOR THE VIRTUAL LEARNING PLATFORM (VLP):

1. Ariver has four different dimensions:
a. Yes
b. No. Ariver has three dimensions: the lateral, the vertical and the
temporal dimension
c. The number of dimensions varies depending on the river
connectivity.
2. The Intensity-Duration-Frequency curves are used for
a. Calculating the design storm in large watersheds
b. Calculating discharge values when data are scarce
c. Calculating maximum precipitation values in short time intervals.
3. The soil intrinsic permeability depends on:
a. Soil density
b. Soil viscosity
c. Soil pore geometry
4. The rational formula is used for:
a. Calculating the soil water content
b. Calculating the erosion rate
c. Calculating extraordinary flood flows in small basins
5. In water bioengineering works it is essential to know:
a. Velocity, shear stress and water level values
b. Only the water level values
c. Soil properties and the slope safety factors
6. There are three modalities of fluvial erosion which are:
a. Rill, sheet and gully erosion
b. Rill, sheet and mass waste movements
c. Vertical, headward and lateral erosion.
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7. Critical shear stress values of the riverbanks can be increased by:
a. The soil moisture content
b. Using appropriate software such as Hec Ras or Iber
c. The development of the riparian vegetation
8. The FFlindex is used for:
a. Assessing the riverbank stability
b. Characterizing, in a detailed fashion, the fauna and flora of a river
system
c. Assessing the overall river functionality and state
9. The fascines with double poles can be classified as a:
a. Stabilization technique
b. Mixed technique
c. Coating technique
10.An effective protection of riverbanks can be achieved:
a. By using only dense rigid woody vegetation (mainly shrubs)
b. By combining rigid trees and dense rigid woody vegetation
c. By combining flexible and dense rigid woody vegetation
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1. MODULE DESCRIPTOR

Status: Core
Credit Points (ECTS): 3
Pre-requisite knowledge: NA

Module structure:

Activity Total Hours
Lectures 20
Tutorials 10
Seminars 2
Practical 10
Independent learning 30
Assessment 3
Total 3 ECTS - (1ECTS=25hrs)

Table 1 Module structure
Summary of module content:
Geographic Information Systems (GIS):

Today, GIS is being used to map and analyze data in numerous scientific fields including environmental
studies. This part of the module will introduce students to the basics of Geographical Information Systems
(GIS) and how to utilize GIS tools in soil and water bioengineering. Environmental applications require
utilizing a specific set of skills of the GIS science. Specifically, the students will be expected to manage
real-world scenarios by learning foundation concepts such as digital data, scale and map projections,
afterwards utilizing operations such as inputting and storing data, creating maps and analyzing
geographic problems, and finally effectively communicating these results. Through this knowledge and
exercises, students will understand and appreciate how utilizing GIS toolsets can help in the more
effective development and implementation of soil and water bioengineering (SWB) techniques in the
field.

LEARNING OUTCOMES:

On successful completion of this module students should be able to:

Geographic Information Systems (GIS) outcomes:

LO1. Learn the theory behind cartographic mapping and modeling.
LO2. Knowledge on some of the most important tools in GIS.

LO3. Become competent in the use of one GIS software program.
LO4. Complete a hands-on mapping project.

LOS. Analyze and critically interpret primary and secondary data.

LO6. Understand GIS concepts in an interdisciplinary setting.
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LO7. Implement methods used to analyze remotely sensed SWB data.

LO8. Demonstrate ability to utilize GIS to design and implement more efficient soil and water
bioengineering works

Other General outcomes:

LO9. Communicate: participate in group discussion, undertake and present scientific writing
LO10. Manage: safe and effective project planning and execution; time management
LO11. Work in group and learn to utilize each member’s skills

LO12. Develop problem-solving abilities, practical competencies, critical appraisal and written and oral
communication skills.

Teaching/Learning strategy:

Teaching will follow novel methods derived through the ECOMED project: lectures for imparting
fundamentals of module and tutorials and practicals for the application of the fundamentals. These will
be supplemented with virtual learning content, case study analysis, site visits and work placements.

Other learning and teaching strategies will be developed and implemented, appropriate to student
needs to enable all students to participate fully in the module.
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Syllabus:

TOPIC 1 - GEOGRAPHIC INFORMATION SYSTEMS (GIS)

1.1. GIS Basics and Principles

1.2. Structure of Geographical Data

1.3. QGIS — A free and open-source cross-platform
1.4. Find and Share Environmental Data

1.5. Utilizing GPS data

1.6. Design maps to communicate analysis results

1.7. Soil and Water Bioengineering scenario using GIS
1.8. Project presentation
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Indicative reading:

Geographic Information Systems (GIS)
Scally, R. 2006. GIS for Environmental Management, ESRI Press, pp. 156.

Wegmann, M.,Leutner, B., Dech, S. (Eds). 201 6. Remote Sensing and GIS for Ecologists (Data in the Wild).
Pelagic Publishing, pp. 324.

Rosenberg, M.J. 2015. GIS For Biologists: A Practical Introduction for Undergraduates. Pictish Beast
Publications, pp. 352.

Zhy, X. 2016. GIS for Environmental Applications: A practical approach. Routledge, pp.490.
Wise, S. 2013. GIS Fundamentals. Routledge, pp.338.

Bruy, A., Svidzinska, D. 2016. QGIS By Example. Packt Publishing, pp.316.

McCartney M.T., Freeman, N. 2014. Getting Started With GIS Using QGIS. CreateSpace Independent
Publishing Platform, pp. 134.

Menke, K., Smith R.Jr., Pirelli L., Van Hoesen, J., 2016. Mastering QGIS. Packt Publishing, pp.486.
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Transferable skills development:

Setting personal targets and time management will help student become more organized and efficient.

Learning skills will be enhanced by use of open-source information and IT skills to research and collate
information for actual case studies.

Communication skills will be enhanced by requiring the use of appropriate language when writing and
speaking to fulfill assignments and when making presentations in seminars.

Group-work skills will be developed to address case study problems including the taking of initiative and

assuming responsibility in carrying out agreed tasks.

Assessment methods

e Threshold
. Weighing in total R _—
Component Duration (hrs) o (min pass Description
module mark (%)
mark, %)
Coursework 40 10 50 Ah‘em'zlance, in class
exercises
Homework 12 30 50 We'ekly Homework
Assignments
Practical 20 30 50 Team Pro!ect (write up and
presentation)
Exam 3 30 50 Final Exam
Total 75 100 50

Table 2 Assessment methods

Module contacts:

Module leader: George N. Zaimes

Module tutor (academic): Valasia IAKOVOGLOU, Dimitrios EMMANOULOUDIS
Module tutor (industry): Michael XINOGALOS
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2. GEOGRAPHIC INFORMATION SYSTEMS

A geographic information system (GIS) is a spatial framework to gather, manage, and analyze data. It
originates from the scientific field of geography. GIS has the ability to analyze spatial locations and
organize layers of information into visualizations using maps and 3D scenes while integrating many types
of data. T his unique capability, allows a user to better understand the data, by seeing patterns,
relationships, and situations. This way, smarter and science based decisions can be made in regard to
environmental management including soil and water bioengineering. The user-friendly visual
representation also makes it attractive to decision makers, stakeholders and the general public. In
general GIS can be used to: a) identify problems, b) monitor changes, c¢) manage and respond to events,
d) perform forecasting, e) set priorities and f) understand trends.

The main components of a GIS are the:

¢ Digital Data — the geographical information that will be viewed and analysed using computer
hardware and software.

o Computer Hardware — computers used for storing data, displaying graphics and processing data.

o Computer Software — computer programs that run on the computer hardware and allow you to
work with digital data. A software program that forms part of the GIS is called a GIS Application.

With a GIS application you can open digital maps on your computer, create new spatial information to
add to a map, create printed maps customised to your needs and perform spatial analysis.

2.1 Vector data, raster data, projection systems

2.1.1  Vector data

Vector data can represent real world features within the GIS environment. A feature is anything you can
identify on the landscape. For example you are looking down from the top of a hill. From this location
you can see rivers, roads, houses, trees and other characteristics (see Figure 1.1). Each one of these
objects would be a feature when represented in a GIS Application. Vector features typically consist of
text or numerical information that describe these features that are called attributes.

To represent a vector feature as a shape, geometry is utilized. The geometry is made up of one or more
interconnected vertices. A vertex describes a position in space utilzing typically a X, Y and optionally Z
axis. When the vertices also include a Z axis their geometries are often referred to as 2.5D. The reason
is because they describe height or depth at each vertex, but not both.

When a feature’s geometry consists of only one single vertex, it is referred to as a point feature (see
Figure 1.2). Where the geometry consists of two or more vertices and the first and the last vertex are not
equal, a polyline feature is formed (see Figure 1.2). Where three or more vertices are present, and the
last vertex is equal to the first, an enclosed polygon feature is formed (see Figure 1.3).
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Figure 2.1 Landscape picture

Vector Point Feature Vector Polyline Feature
Point Geometry (indicates the x,y Polyline Geometry (a series of
and z position of the feature) connected vertices that do not form

an enclosed shape)

< x

X

W X axis

SIXe A

Point attributes (describe the feature) Polyline attributes (describe the feature)
Id, Name, Description Id, Name, Description
1, Tree, Outside our classroom 1, Footpath 1, From class to the playground
2, Light post, At the school entrance 2, Footpath 2, From the school gate to the hall

Figure 2.2 Vector Geometries — Points and Lines
(source: https: / /docs.qgis.org/2.8/en/docs/gentle gis introduction/vector data.html)

A point feature is described by its X, Y and optionally Z coordinate. The point attributes describe the
point that can be a tree, shrub, sign or lamp post. A polyline is a sequence of joined vertices. Each vertex
has an X, Y (and optionally Z) coordinates. Attributes describe the polyline. A polygon, like a polyline, is
a sequence of vertices. However in a polygon, the first and last vertices are always at the same position.
Looking back at the landscape picture
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Vector Polygon Feature

Polygon Geometry (a series of
connected vertices that do form an
enclosed shape)

\ |

- /

x

Polygon attributes (describe the feature)

Id, Name, Description

1, School Boundary, Fenceline for the school
2, Sports Field, We play soccer here

Figure 2.3 Vector Geometries — Polygon Features
(source: https: //docs.qgis.org/2.8/en/docs/gentle gis introduction/vector data.html)

presented earlier, you should be able to see the different types of features in the way that a GIS
represents them now (see Figure 1.4). In this new image the featurs of the landscape can be seen as
presented in a GIS environment. Specifically the rivers (blue) and roads (green) can be represented as
polylines, trees as points (red) and houses as polygons (white).

The scale plays a very important role in what we describe as a point feature in GIS while in many cases
it is also a matter of opinion. For example on a small scale map (covers a large area), a city can be
represented as a point feature with GIS. However if you increase the scale

= 1.4

Figure 2.4 Landscape picture through a GIS perspective, points (red dots — trees), lines (blue line river, red
line — road) and polygons (white rectangle — house)
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(zooming in onto the map), it is more likely to represent the city limits as a polygon. If you zoom in even
more (increase more the scale) the houses could be represented as a polygon. Overall when choosing to
use points to represent a feature it is mostly a matter of scale (how far away are you from the feature),
convenience (it takes less time and effort to create point features than polygon features), and the type of
feature (some things like telephone poles or tree just don't make sense to be stored as polygons). A point
feature has an X, Y and optionally, Z value. The X and Y values will depend on the Coordinate
Reference System (CRS) being used. One of the most common reference systems is Longitude and
Latitude. Lines of Longitude run from the North Pole to the South Pole. Lines of Latitude run from the East
to West. You can describe precisely where you are at any place on the earth by giving someone your
Longitude (X) and Latitude (Y). If you make a similar measurement for a tree or a telephone pole and
marked it on a map, you will have created a point feature. Finally, the Z value is important to add in a
point feature since the earth is not flat and describes the elevation above sea level.

The main difference of a polyline feature with a point feature (single vertex) is that it has two or more
vertices. The polyline is a continuous path drawn through each vertex (see Figures 1.2 and 1.4). When
two vertices are joined a line is created. When more than two vertices are joined, they form a ‘line of
lines’, or polyline. A polyline is used to show the geometry of linear features such as roads, rivers,
contours, footpaths, flight paths and so on. Sometimes we have special rules for certain polylines in
addition to their basic geometry. For example contour lines may touch (e.g. at a cliff face) but should
never cross over each other. In contrast, polylines used to represent a road or a river network should be
connected at intersections. In some GIS applications you can set these special rules for a feature type
(e.g. roads) and the GIS will ensure that these polylines always comply with these rules. If a curved
polyline has very large distances between vertices, it may appear angular or jagged, depending on the
scale at which it is viewed (see Figure 1.5). Because of this it is important that polylines are digitized
(captured into the computer) with distances between vertices that are small enough for the scale at which
you want to use the data. In Figure 1.5 the polylines viewed at a smaller scale (1:20 000 to the left)
appear smooth and curved while the same polylines when viewed at larger scale (1:500 to the right)
look very angular. Depending on the accuracy you need for your project, the polyline feature you can
digitize these lines at different scales. The attributes of a polyline describe its properties or
characteristics. For example a road polyline may have

ol 146 J27 "

o128

$I150

182 ©0GIS 2009 ©Q6IS 2009

Figure 2.5 Jagged Polyline
(source: https: //docs.qgis.org/2.8/en/docs/gentle gis introduction/vector data.html)

attributes that describe whether it is surfaced with gravel or tar, how many lanes it has, whether it is a
one way street, and so on. The GIS can use these attributes to symbolize the polyline feature with a
suitable color or line style.
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Polygon features are enclosed areas like dams, forest stands, lakes, islands, and town, prefect and
country boundaries and so on. Like polyline features, polygons are created from a series of vertices that
are connected with a continuous line. The polygon always describes an enclosed area that means that the
first and last vertices are always at the same place (they meet). Polygons often have shared
geometry /boundaries that are in common with a neighboring polygon (e.g. neighboring countries or
counties). There are GIS applications that can ensure that the boundaries of neighboring polygons
exactly coincide. Finally polygons also have attributes similar to points and polylines. The attributes
describe each polygon and provide additional useful information. For example a dam may have
attributes for depth and water quality while a forest stand on what type of vegetation it has.

Following we will study how vector data are managed and used in a GIS environment. Most GIS
applications group vector features into layers. Features in a layer have the same geometry type (e.g.
they will all be points) and the same kinds of attributes (e.g. information about what species a tree is for
a trees layer). For example if you have recorded the positions of all the footpaths in your school, they
will usually be stored together on the computer hard disk and shown in the GIS as a single layer. This is
convenient because it allows you to hide or show all of the features for that layer in your GIS application
with a single mouse click.

The vector data are stored in GIS as a layer. The process that allows you to create and/or modify the
geometry data of a layer is called digitizing. If a layer contains polygons (e.g. forests, dams) the GIS
application will only allow you to create new polygons in that layer. Similarly if you want to change the
shape of a feature, the application will only allow you to do it if the changed shape is correct. For
example it won't allow you to edit a line in such a way that it has only one vertex.

Overadll, creating and editing vector data is an important function of a GIS since it is one of the main
ways in which you can create personal data for things you are interested in. Say for example you are
monitoring pollution in a river. You could use the GIS to digitize all storm water drains (as point features)
that end in the river. You could also digitize the river itself (as a polyline feature). Finally you could take
readings of pH levels along the course of the river and digitize the places where you made these
readings (as a point layer) and indicate the different levels of pH along the river course.

Map scale is an important issue to consider when working with vector data in a GIS. When data is
captured, it is usually digitized from existing maps, or by taking information from surveyor records and
global positioning system (GPS) devices. Maps have different scales depending on the area of interest,
so if you import vector data from a map into a GIS environment (for example by digitizing paper maps),
the digital vector data will have the same scale issues as the original map. This effect can be seen in
Figures 1.6 and 1.7. Many issues can arise from making a poor choice of map scale. For example using
the vector data in Figure 1.5 to plan a wetland conservation area could result in important parts of the
wetland being left out of the reserve! On the other hand if you are trying to create a regional map,
using data captured at 1:1,000,000 might be just fine and will save you a lot of time and effort for
capturing the data that eventually you not utilize. Digitizing can be very time consuming at large scale
maps.

The vector layers you create or add to the map view in a GIS application will be drawn with random
colors and basic symbols. One of the great advantages of using a GIS is that you can create
personalized maps very easily. Specifically the GIS program will let you choose colors to suite the
feature type (e.g. you can tell it to draw water bodies vector layer in blue). The GIS will also let you
adjust the symbol used. So if you have a tree as a point layer, you can show each tree position with a
small picture of a tree, rather than the basic circle marker that the GIS uses when you first load the layer
(see Figure 1.8). This symbology is a powerful feature, which makes maps come to life and the data in
your GIS easier to understand for policy-makers, stakeholders and the general public.
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Figure 2.6 Digitized Vector at a small scale. In this case the vector data (red lines) was digitized from a
small scale (1:1000 000)
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Figure 2.7 Digitized Vector at a large scale. In this case the vector data (green lines) was digitized from a
large scale (1:50 000) map

Vector data have as described above many advantage but if not careful could also have some
problems. Firstly as already mentioned, issues can arise with vectors captured at different scales. Vector
data also needs a lot of work and maintenance to ensure that it is accurate and reliable. Inaccurate
vector data can occur when the instruments used to capture the data are not properly set up, when the
people capturing the data aren’t being careful (digitization), when time or money don't allow for enough
detail in the collection process, and so on. If you have poor quality vector data, you can often detect this
when viewing the data in a GIS. For example slivers can occur when the edges of two polygon areas
don’t meet properly (see Figure 1.9). These slivers occur when the vertices of two polygons do not match
up on their borders. At a small scale (e.g. 1 on the left) you may not be able to see these errors. At a
large scale they are visible as thin strips between two polygons (2 on the right).
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Figure 2.8 Vector Symbology. In GIS, you can use a panel (like the one above) to adjust how features in
your layer should be drawn.

Vector data have as described above many advantage but if not careful could also have some
problems. Firstly as already mentioned, issues can arise with vectors captured at different scales. Vector
data also needs a lot of work and maintenance to ensure that it is accurate and reliable. Inaccurate
vector data can occur when the instruments used to capture the data are not properly set up, when the
people capturing the data aren’t being careful (digitization), when time or money don’t allow for enough
detail in the collection process, and so on. If you have poor quality vector data, you can often detect this
when viewing the data in a GIS. For example slivers can occur when the edges of two polygon areas
don’t meet properly (see Figure 1.9). These slivers occur when the vertices of two polygons do not match
up on their borders. At a small scale (e.g. 1 on left) you may not be able to see these errors. At a large
scale they are visible as thin strips between two polygons (2 on right).

Another common problem in vector data are overshoots and undershoots. Overshoots can occur when a
line feature such as a road does not meet another road exactly at an intersection. Specifically overshoots
happen if a line ends beyond the line it should connect to. Undershoots can occur when a line feature
(e.g. a river) does not exactly meet another feature to which it should be connected. Specifically
undershoots occur when digitized vector lines that should connect to each other don’t quite touch. Figure
1.10 demonstrates what undershoots and overshoots look like. Because of these types of errors, it is very
important to digitize data carefully and accurately.
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Figure 2.9 Vector slivers can be seen better as the scale increases (right image) (source:
https: / /docs.qqgis.org/2.8 /en/docs/gentle gis introduction/vector data.html)
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Figure 2.10 Vector problems include undershoots (seen in line 1) and overshoots (seen in line 2) (source:
https: / /docs.qgis.org/2.8 /en/docs/gentle gis introduction/vector data.html)

Now let’s recap what was covered in this section:

Vector data is used to represent real world features in a GIS.

A vector feature can have a geometry type of point, line or a polygon.

Each vector feature has attribute data that describes it.

Feature geometry is described in terms of vertices.

Point geometries are made up of a single vertex (X,Y and optionally Z).

Polyline geometries are made up of two or more vertices forming a connected line.

Polygon geometries are made up of at least four vertices forming an enclosed area. The first
and last vertices are always in the same place.

e Choosing which geometry type to use depends on scale, convenience and what you want to do
with the data in the GIS.

®  Most GIS applications do not allow you to mix more than one geometry type in a single layer.
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e Digitizing is the process of creating digital vector data by drawing it in a GIS application.

e Vector data can have quality issues such as undershoots, overshoots and slivers which you need to
be aware of and corrected.

e Vector data can be used for spatial analysis in a GIS application, for example to find the
nearest hospital to a school.

2.1.2 Raster data

Raster is another frequently representation of data in GIS. While vector features use geometry (points,
polylines and polygons) to represent the real world, raster data takes a different approach. Rasters are
made up of a matrix of pixels (also called cells), each containing a value that represents the conditions
for the area covered by that cell (see Figure 1.11). In this chapter we focus on raster data and
especially on when it is useful and when it makes more sense to use them instead of vector data.
Typically a raster dataset is composed of rows (running across) and columns (running down) of pixels
(also known as cells). Each pixel represents a geographical region, and the value in that pixel represents
some characteristic of that region.

Raster data are used in a GIS application when we want to display information that is continuous across
an area and cannot easily be divided into vector features. When describing vector data we showed you
the image in Figure 1.1. Point, polyline and polygon features work well for representing some features
on this landscape, such as trees, roads and buildings. Other features on a landscape can be more
difficult to represent using vector features. For example the grasslands shown have many variations in
color and density of cover. It would be easy enough to make a single polygon around each grassland
areaq, but a lot of the information about the grassland would be lost in the process of simplifying the
features to a single polygon. This is because when you give a vector feature attribute values, they apply
to the whole feature. This indicates that vectors aren’t very good at representing features that are not
homogeneous (entirely the same) all over. Another approach you could take is to digitize every small
variation of grass color and cover as a separate polygon. The problem with that approach is that it will
take a huge amount of work and money in order to create a good vector dataset. In cases when
representing large areas with continuously changing values, raster data can be a better choice than
vector.
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Figure 2.11 Raster general content

(source: https://docs.qgis.org/2.14/en/docs/gentle gis introduction/raster data.html)

Many people use raster data as a backdrop to be used behind vector layers in order to provide more
meaning to the vector information. The human eye is very good at interpreting images and so using an
image behind vector layers, results in maps with a lot more meaning. Raster data is not only good for
images that depict the real world surface (e.g. satellite images and aerial photographs); they are also
good for representing more abstract ideas. For example, raster data can be used to show rainfall trends
over an areaq, or to depict the flood risk on a landscape. In these kinds of applications, each cell in the
raster represents a different value e.g. risk of flood on a scale of one to ten. An example that shows the
difference between an image obtained from a satellite and one that shows calculated values can be
seen in Figure 1.12. True color raster images are useful as they provide a lot of detail that is hard to
capture as vector features but easy to see when looking at the raster image. Raster data can also be
non-photographic data such as the raster layer shown on the right (see Figure 1.12) which shows the
calculated average minimum temperature in the Western Cape for the month of March.

Georeferencing is the process of defining exactly where on the earth’s surface an image or raster
dataset was created. This is an essential process when working with data in GIS programs. This positional
information is stored with the digital version of the aerial photo. When the GIS application opens the
photo, it uses the positional information to ensure that the photo appears in the correct place on the map.
Normally this positional information consists of a coordinate for the top left pixel in the image, the size of
each pixel in the X direction, the size of each pixel in the Y direction, and the amount (if any) by which
the image is rotated. With these few pieces of information, the GIS application can ensure that raster
data are displayed in the correct place. The georeferencing information for a raster is often provided in
a small text file accompanying the raster.
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Figure 2.12 Raster types. Raster data can be from color images (left) but also non non-photographic data
(source: https://docs.qgis.org/2.14/en/docs/gentle gis introduction/raster data.html)

Raster data can be obtained in a number of ways. Two of the most common ways are aerial
photography and satellite imagery. In aerial photography, an airplane flies over an area with a camera
mounted underneath it. The photographs are then imported into a computer and georeferenced. Satellite
imagery is created when satellites orbiting the earth point special digital cameras towards the earth and
then take an image of the area on earth they are passing over. Once the image has been taken it is sent
back to earth using radio signals to special receiving stations such as the one shown in Figure 1.13. These
stations have special antennae track satellites as they pass overhead and download images using radio
waves. The process of capturing raster data from an airplane or satellite is called remote sensing.

In other cases, raster data can be computed. For example meteorologists might generate a province
level raster showing average temperature, rainfall and wind direction using data collected from weather
stations (see right image in Figure 1.13). In these cases, they will often use raster analysis techniques such
as interpolation.

Sometimes raster data are created from vector data because the data owners want to share the data in
an easy to use format. For example, a company with road, rail, cadastral and other vector datasets may
choose to generate a raster version of these datasets so that employees can view these datasets in a
web browser. This is normally only useful if the attributes, that users need to be aware of, can be
represented on the map with labels or symbology. If the user needs to look at the attribute table for the
data, providing it in raster format could be a bad choice because raster layers do not usually have any
attribute data associated with them.

Every raster layer in a GIS has pixels (cells) of a fixed size that determine its spatial resolution. This
becomes apparent when you look at an image at a small scale (see Figure 1.14) and then zoom into a
large scale (see Figure 1.15). This satellite image looks good when using a small scale, but when viewed
at a large scale you can see the individual pixels that the image is composed of.
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Figure 2.13 The CSIR Satellite Applications Center at Hartebeeshoek in North West Province, South Africa
used to collect satellite data (source: Leo zal)

Several factors determine the spatial resolution of an image. For remote sensing data, spatial resolution
is usually determined by the capabilities of the sensor used to take an image. For example SPOT5
satellites can take images where each pixel is 10 m x 10 m. Other satellites, for example MODIS take
images only at 500 m x 500 m per pixel. In aerial photography, pixel sizes of 50 cm x 50 cm are not
uncommon. Images with a pixel size covering a small area are called *high resolution’ images because it
is possible to make out a high degree of detail in the image. Images with a pixel size covering a large
area are called ‘low resolution’ images because the amount of detail the images show is low.

In raster data that is computed by spatial analysis (such as the rainfall map we mentioned earlier), the
spatial density of information used to create the raster will usually determine the spatial resolution. For
example if you want to create a high resolution average rainfall map, you would ideally need many
weather stations in close proximity to each other.

One of the main things to be aware of with rasters captured at a high spatial resolution is storage
requirements. Think of a raster that is 3 x 3 pixels, each of which contains a number representing
average rainfall. To store all the information contained in the raster, you will need to store 9 numbers in
the computer’s memory. Now imagine you want to have a raster layer for the whole of Spain with pixels
of T km x 1 km. Spain is around 643.801 km 2 which means your computer would need to store over a
600 hundred thousand numbers on its hard disk in order to hold all of the information. Making the pixel
size smaller would greatly increase the amount of storage needed. In contrast increasing the pixel size
would reduce the storage needed but would a decrease in the detail provided.

Sometimes using a low spatial resolution is useful when you want to work with a large area and are not
interested in looking at any one area in a lot of detail. The cloud maps you see on the weather report,
are an example of this — it's useful to see the clouds across the whole country. Zooming in to one
particular cloud in high resolution will not tell you very much about the upcoming weather.

On the other hand, using low resolution raster data can be problematic if you are interested in a small
region because you probably won't be able to make out any individual features from the image.
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Figure 2.15 Raster data at a large scale

A major advantage of raster data is that there are a great many analytical tools that can be run on
raster data which cannot be used with vector data. For example, rasters can be used to model water
flow over the land surface (e.g. ArcSWAT). This information can be used to calculate where watersheds
and stream networks exist, based on the terrain. Raster data are also often used in agriculture and
forestry to manage crop production. For example with a satellite image of a farmer’s lands, you can
identify areas where the plants are growing poorly and then use that information to apply more
fertilizer on the affected areas only. Foresters use raster data to estimate how much timber can be
harvested from an area.

Raster data is also very important for disaster management. Analysis of Digital Elevation Models (a kind
of raster where each pixel contains the height above sea level) can be used to identify areas that are
likely to be flooded. This can then be used to target rescue and relief efforts to areas where it is needed
the most and be more efficient and cost-effective.

Now let’s recap what was covered in this section:
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e Raster data are a grid of regularly sized pixels.

e Raster data are good for showing continually varying information.

o The size of pixels in a raster determines its spatial resolution.

o The size of pixels in a raster determines the detail of the information of the raster layer.
e Raster images can consume a large amount of storage space.

o The best size of the pixel depend on the scale of the area that we are interested.

e Raster data can be used to support watershed, forest and disaster management.

2.1.3 Projection systems

Map projections try to portray the surface of the earth or a portion of the earth on a flat piece of paper
or computer screen. A coordinate reference system (CRS) then defines, with the help of coordinates, how
the two-dimensional, projected map in your GIS is related to real places on the earth. The decision as to
which map projection and coordinate reference system to use, depends on the regional extent of the
area you want to work in, on the analysis you want to do and often on the availability of data.

A traditional method of representing the earth’s shape is the use of globes. The problem with globes are
that while they preserve the majority of the earth’s shape and illustrate the spatial configuration of
continent-sized features, they are very difficult to carry in one’s pocket. They are also only convenient to
use at extremely small scales (e.g. 1:100,000,000).

Most of the thematic map data commonly used in GIS applications are of considerably larger scale.
Typical GIS datasets have scales of 1:250,000 or greater, depending on the level of detail. A globe of
this size would be difficult and expensive to produce and even more difficult to carry around. As a result,
cartographers have developed a set of techniques called map projections designed to show, with
reasonable accuracy, the spherical earth in two-dimensions.

When viewed at close range the earth appears to be relatively flat. However when viewed from space,
we can see that the earth is relatively spherical. Maps, as we will see in the upcoming map production
topic, are representations of reality. They are designed to not only represent features, but also their
shape and spatial arrangement. Each map projection has advantages and disadvantages. The best
projection for a map depends on the scale of the map, and on the purposes for which it will be used. For
example, a projection may have unacceptable distortions if used to map the entire South American
continent, but may be an excellent choice for a large-scale (detailed) map of your country. The
properties of a map projection may also influence some of the design features of the map. Some
projections are good for small areas, some are good for mapping areas with a large East-West extent,
and some are better for mapping areas with a large North-South extent.

The process of creating map projections can be visualized by positioning a light source inside a
transparent globe on which opaque earth features are placed. Then project the feature outlines onto a
two-dimensional flat piece of paper. Different ways of projecting can be produced by surrounding the
globe in a cylindrical fashion, as a cone, or even as a flat surface. Each of these methods produces what
is called a map projection family. Therefore, there is a family of planar or azimuthal projections, a
family of cylindrical projections, and another called conical projections (see Figure 1.16).

Today, of course, the process of projecting the spherical earth onto a flat piece of paper is done using

the mathematical principles of geometry and trigonometry that recreate the physical projection of light
through the globe.
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Figure 2.16 The three families of map projections are: a) cylindrical, b) conical and ¢) planar or azimuthal
(source: https://docs.qgis.org/2.14/en/docs/gentle gis introduction/coordinate reference systems.html)

Map projections are never absolutely accurate representations of the spherical earth. As a result of the
map projection process, every map shows distortions of angular conformity, distance and area. A map
projection may combine several of these characteristics, or may be a compromise that distorts all the
properties of area, distance and angular conformity, within some acceptable limit. Examples of a
compromise projection is the Robinson projection (see Figure 1.17), which is often used for world maps.

It is usually impossible to preserve all characteristics at the same time in a map projection. This means that
when you want to carry out accurate analytical operations, you need to use a map projection that
provides the best characteristics for your analyses. For example, if you need to measure distances on
your map, you should try to use a map projection for your data that provides high accuracy for
distances.
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Figure 2.17 The Robinson projection is a compromise where distortions of area, angular conformity and
distance are acceptable
(source: https://docs.qgis.org/2.14/en/docs/gentle gis introduction/coordinate reference systems.html)

When working with a globe, the main directions of the compass rose (North, East, South and West) will
always occur at 90 degrees to one another. In other words, East will always occur at a 90 degree angle
to North. Maintaining correct angular properties can be preserved on a map projection as well. A map
projection that retains this property of angular conformity is called a conformal or orthomorphic
projection.

These projections are used when the preservation of angular relationships is important. They are
commonly used for navigational or meteorological tasks. It is important to remember that maintaining true
angles on a map is difficult for large areas and should be attempted only for small portions of the earth.
The conformal type of projection results in distortions of areas, meaning that if area measurements are
made on the map, they will be incorrect. The larger the area the less accurate the area measurements
will be. Examples are the Mercator projection (see Figure 1.18) and the Lambert Conformal Conic
projection. The Mercator projection, is used where angular relationships are important, but the
relationship of areas are distorted. The U.S. Geological Survey uses a conformal projection for many of
its topographic maps.

If your goal in projecting a map is to accurately measure distances, you should select a projection that is
designed to preserve distances well. Such projections, called equidistant projections, require that the
scale of the map is kept constant. A map is equidistant when it correctly represents distances from the
center of the projection to any other place on the map. Equidistant projections maintain accurate
distances from the center of the projection or along given lines. These projections are used for radio and
seismic mapping, and for navigation. The Plate Carree Equidistant Cylindrical (see Figure 1.19) and the
Equirectangular projection are two good examples of equidistant projections. The Plate Carree
Equidistant Cylindrical projection, is used when accurate distance measurement is important.
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Figure 2.18 The Mercator Projection
(source: https://docs.qgis.org/2.14/en/docs/gentle gis introduction/coordinate reference systems.html)
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Figure 2.19 The Plate Carree Projection

When a map portrays areas over the entire map, so that all mapped areas have the same proportional
relationship to the areas on the Earth that they represent, the map is an equal area map. In practice,
general reference and educational maps most often require the use of equal area projections. As the
name implies, these maps are best used when c