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Soil bioengineering consists basically of using live
material as construction and structural elements in
engineering applications related to stabilization of na-
tural systems. The techniques used are not new, how-
ever its establishment as a technical and scientific dis-
cipline is recent. The current stage of soil bioengineer-
ing development is marked by artisan and descriptive
approaches. The aim of this work is to propose a pro-
gram to develop soil bioengineering as a more analyti-
cal engineering branch. The historical progress and cur-
rent stage of soil bioengineering are discussed and
related to the historical progress of traditional engi-
neering branches. A program to structure soil bioengi-
neering as a more analytical discipline is suggested in
the form of a hierarchical sequence of steps. This
structuration contributes to improve the degree of
confidence and precision in the professional practice
of soil bioengineering applications and also it helps to
standardize practice and improving the discipline.
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The development of soil bioengineering: as an analytical discipline

Introduction

Soil bioengineering is a field of civil engineering
which basically consists of using plants as engineering ma-
terial and structural elements.! From the very pioneer
scientific works on the subject, such as Kruedener’s book?,
the technical aspect of this engineering discipline was high-
lighted. Further its basic technical character, which is simi-
lar to other engineering fields of study, soil bioengineering
has other basic functions such as ecological, aesthetic and
economic finalities.> The main interventions of soil bioengi-
neering, regarding its technical function, are: stabilization
of slopes, control of erosion processes, ecological restora-
tion and stabilization of the hydraulic condition of open
channels. By stressing the focus of soil bioengineering on
broader environmental concerns some authors* consider
that soil bioengineering is a discipline originated in the last
century, even though its techniques has been applied for
centuries ago in many parts of the world®. Apart from this
discussion, just recently, soil bioengineering has receiving
some scientific treatment as a modern engineer discipline
and being subject of specialized bibliography.®

The modern engineer concept involves the applica-
tion of scientific principles to practical purposes.” This
concept has passed by a gradual development along many
centuries.® Firstly, engineering work was done by experts
whose knowledge was based mainly in experience acquired
through years of professional work, empirical observations
and even instinctive approach.” Nowadays, the engineering
practice is most performed using analytical and quantita-
tive design rules. The design rules in many engineering
branches tend to course a gradual way from the experience-
based (empirical) rules to principles based on a full scien-
tific understanding and explanation of the relevant under-
lying phenomena.™

As a technical-scientific discipline', soil bioengineering
deals with problems very similar to other civil engineering
disciplines'. Settled as a distinct engineering field, and not
just a new constructive technique, soil bioengineering de-
mands analytical quantitative design guides and codes,
standard techniques of experimental engineering science
and standard curricula in polytechnic or university courses.
Soil bioengineering distinctive characteristic is the use of
live vegetative elements as building material.”® Unlike other
technologies in which plants are chiefly an aesthetic com-
ponent, in soil bioengineering systems, plants are an im-
portant structural component.'
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The soil bioengineering techniques have been used
for many decades, especially in Central European coun-
tries. Nowadays, those techniques are being spread over
other countries.'”” The main task in these new application
regions is to identify plants with a required potential to be
used as structural components. The result is that scien-
tifically research has been focused on the characterization
of this vegetative material in new biomes. On the other
hand minor attention has being pald to quantlfy the charac-
teristics and plant behavior as englneermg materials. Ac-
cording to Morgan & Rickson'® soil bioengineering is a
classic example of a discipline where there is a prominent
distance between the practice and the science.

The soil bioengineering current stage, characterized
by craft and artisan skills in some of its parts, has been the
cause of so many challenges such as restrictions to the use
of those techniques by a broader range of engineering ap-
plications and professionals. According to Mickovski &
Van Beek!” the lack of more analytical literature, codes of
practice and design is a relevant issue on the small interest-
ing and encouragement of engineers to employ soil bioengi-
neering measures. Other possible cause to the marked
reluctance to use vegetative methods in preference to con-
ventional civil engineering is, according to Schiechtl &
Stern®, due to the lack of training or lack of personal expe-
rience in a relatively new field. However, the very descrip-
tive current stage of soil bioengineering contributes to turn
the training process and personal experience gaining a slow
and uneven task.

A clear and objective identification of soil bioengi-
neering discipline as an engineering branch can be an
important step in order to turn this field more analytical.
Since in many ways and situations the soil bioengineering
applications are a rediscovery or a reinterpretation of cor-
related traditional and well-established engineering fields,
the very path, gradually performed by those correlated
engineering disciplines, can be used to direct, organize and
model a similar development on the soil bioengineering
field.

This work presents a development program to the
soil bioengineering as a technical or engineering discipline.
The soil bioengineering concepts and basic definitions are
first discussed, followed by a brief presentation of the gra-
dual development of the modern concept of the engineer-
ing practice. Next the characterization of soil bioengineer-
ing as a distinct engineering discipline is presented. The
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current stage and practices of soil bioengineering are ad-
dressed, in correlation to the stages found in the develop-
ment of the major engineering branches. The main chal-
lenges and difficulties of a broader acceptance by profes-
sionals of soil bioengineering techniques are discussed, as
well, their relations to its current stage. Finally, the pro-
gram to develop soil bioengineering is presented, discus-
sing in details the steps to achieve a more analytical disci-
pline and pointing out the benefits of such approach.

Development and concepts

On the very first paragraph of his book written in
1958 Schiechtl affirms: “Soil bioengineering is understood
as the set of efforts to attain plant recolonization in order
to re-stabilize soils”. Schiechtl makes clear that this disci-
pline has “as its priority” technical goals by means of using
live plants as a tool to obtain soil protection, sediment
transportation management, and slope stabilization. Howe-
ver, the ecological, aesthetic, and territory planning soil
bioengineering functions are not excluded of its technical
primordial finality.

Not infrequently that soil bioengineering techniques
has been presented as new-found methods by the special-
ized literature, however this affirmation relies much more
on a rediscovery of a set of knowledge and techniques that
are much more ancient than the nowadays called traditional
practices. The use of local materials, such as wood and
rocks, associated to live plants as construction elements
and co-participant in the soil engineering properties im-
provement process is a simple and even intuitive concept
whose origin cannot be determined. Indeed, as evidenced
by Gibling & Davies", the vegetation naturally has per-
formed a relevant influence on the landscape formation
processes, and as consequence, over its present features.

The first collecting, comprising artisan and empirical
knowledge, by technical texts specialized in soil bioengi-
neering (even though this term was not yet coined) ap-
peared in the second half of 19* century® followed by
works mainly correlated to river management, road con-
struction, forestry planning and wood production in the
20 century?. In 1941 the engineer Arthur Freiherr von
Kruedener coined the german term “Ingenieurbiologie” to
designate a new engineering branch or discipline. In the
following decades a series of scientific works on the sub-
ject were published, with the prominence of the pioneer
academic work of the Austrian engineer Hugo Meihard
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Schiechtl. Even though this early academic work is not
analytical in character it is a very important step in the soil
bioengineering technical development.

According to Schiecht]?? the great damages to the
European landscape and the difficulties of the post-war
period stimulate the use of simple techniques. However, it
is evident that the fast industrial and technological develop-
ment and the yet inceptive environmental concerns, which
characterize that period, have decreased the research and
practical interest on such techniques.

Nowadays, there is a huge demand, not only techni-
cal-related, conducing again the scientific and engineering
communities to economic and feasible solutions that make
possible or even grant some degree of commitment regard-
ing ecological (environmental) and aesthetic (landscaping)
concerns.

Kruedener? points out that one of the basic soil bio-
engineering features is to bridge the natural sciences (main-
ly botany and ecology) and engineering disciplines. The
author speaks in terms of “biology-guided engineering
techniques”. Approaching the subject on this manner is an
essential concept in the soil bioengineering developing.

The original definitions and concepts are, generally,
reproduced by the current literature without any remarka-
ble contribution or changing. Pioneers researches such as
Kruedener & Becker and Kruedener?, Schiechtl®® and
Priickner? had identified that soil bioengineering has also
non-technical characteristics. This is made clear by the
constant use of the term “purely technical” interventions
when referring to the traditional engineering measures. It is
worthy to note that this point of view, regarding the iden-
tification of nontechnical soil bioengineering characteris-
tics, shared by these authors, was truly innovative and only
in the last years it was truly accepted. According to Krue-
dener?” the engineer concerns should not be directed ex-
clusively to the technical design of a given work, but also
to its complete adjustment to the environment. He affirms
that an engineering work should not be a strange object in
relation to the around landscape, but must be completely
integrated to it. Those are the principles that always have
guided soil bioengineering practice. On the other hand, the
pioneer researches were not concerned to develop theirs
concepts using a clear distinction between the technical and
nontechnical soil bioengineering functions. This has just
happened in the last years, when current approaches, such
those shared by Cornelini & Sauli and Cornelini & Ferrari®,
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where technical and nontechnical soil bioengineering
functions are clearly distinguished and identified.

Further its essential principle, the use of vegetation
as construction material and structural element; soil bioen-
gineering has three additional desirable guiding principles
as hierarchized on figure 1. So far as a soil bioengineering
intervention goes in the pathway given by these guiding
principles the more it enhances a stable dynamic system. In
other words, the number of degrees-of-freedom of the
projected intervention is larger when more guiding princi-
ples are observed. A larger number of degrees-of-freedom
implies in more possible dynamic equilibrium configura-
tions when the system is faced down by natural or anthro-
pic destabilization demands.

ini modification and impact

< 3- Synergy between inert and live elements 4

2- Use of indigenous construction materials ([}

1- Use of vegetation as live structural elemm =

Figure 1: Soil bioengineering essential and guiding principles.

It is also true that soil bioengineering measures has
technical limitations regarding to their application,” in gene-
ral soil bioengineering schemes are only assigned to small or
medium scale problems. There are also limitations related to
the vegetation developing requirements, such as environ-
mental, soil and ecological conditions. Other limitation is
that the structural behavior of a soil bioengineering measure
is conditioned to the healthy condition of the vegetation.

The recognition of soil bioengineering as a separate
engineering discipline and the fully understanding of its
current stage depends directly of the comprehension of the
modern engineering concept development process which is
addressed in the following section.
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Historical development of engineering concept

The engineering modern concept is greatly remarked
by a conscious knowledge of the relevant behavior of natu-
ral phenomena related to a given design subject. Engineer-
ing today is considered, in a basic sense, the application of
science to technological problems.*

For many years this concept had involved just a
direct application of scientific results and discovers, with-
out making any structural change in scientific principles.
However, this model of interaction between science and
practical application was substituted by recognition that
technology has its own conceptual framework, which is
parallel to, and indeed independent of scientific basic
principles.’ Actually, the science and practical application
interaction requires the developmental of a distinct body of
knowledge, commonly called engineering science.”> Howe-
ver, this development took a long and nonlinear process
over the centuries in the human civilization History.

By a considerable time, civil engineering disciplines
had developed more or less independently of each other.”
It was not until the second half of the eighteenth century
that the engineering science proper came into existence.*
Another engineering branches and disciplines are still
developing such scientific framework. Even though, sci-
ence as a distinct realm from engineering was not a pur-
poseful activity of primitive peoples, one can find in histo-
ry, evidences of a differentiation between two types of
knowledge, a theoretical and a practical side. This sepa-
ration was recognized by the ancient Greeks® and also by
the romans®. The clear model of interaction between prac-
tical and theoretical knowledge gives way to the disclosure
of engineering as a science branch. This model was initially
proposed by the Scottish civil engineer William J. M. Ran-
kine in the middle of 19" century.

According to Rankine” the mechanical knowledge
may be distinguished into three types: purely scientific
knowledge, purely practical knowledge and a third and
intermediate one which relates to the application of sci-
entific principles to practical purposes. Rankine model also
proposes that this third kind of knowledge arises from
understanding the harmony between theory and practice.

Engineering can be regarded, according Rankine
model, as the art of practical application of scientific and
empirical knowledge to the design and production proces-
ses.®® According to Florman® is this middle position, the
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main contributor to the engineering progress, to credit the
workshop as well the laboratory, the manual and intellectual
labor, valuing intuition and experience, as well theory and
experimentation. The main requisites of an engineering
discipline in its modern conceptual framework can be
grouped into three categories: professional practice, profes-
sional institution and professional training.

The engineering current professional approach has as
its fundamental characteristic the use of numerical calcula-
tions and abstract mathematical concepts in the design
process. The profess1onal institution establishment is a key
requisite of an engineering discipline to assume its modern
framework. The professional institution consists basically
of the formation of a community that shared certain skills
and common body of knowledge, as well as values and a
code of working. Engineering became defined, in the 17%
and 18% centuries, by the body of knowledge that could be
captured in books and by the formal means in which a
person could train for and enter the profession. This in-
struction process relies on the fact that a person could
learn engineering principles through books and classes,
without the dependence of immediate personal experience.
All contemporary englneers enter their profession by pas-
sing the portals of science.*

According to Straub41 in the development of engi-
neering disciplines, such as material and building science,
three phases can be distinguished: the artisan stage, the
descriptive stage and the quantitative stage. Is it true that
no matter how closely modern engineering becomes identi-
fied with science, no matter how the end product of a
engineering project seems remote and abstract, it can never
be severed from its origins in craftsmanship.” But, the
mark of distinction among the three phases is upon the
instinctive approach. While an engineering discipline in the
artisan stage relies mainly on intuition in a making-decision
process, the quantitative or analytical phase is chiefly sup-
ported by a scientific based reflection process.

Artisan stage

The artisan acquires the knowledge of his profession
through years of experience. His knowledge is purely em-
pirical, gained from experience and handed down from
person to person, no general theory is present and econom-
ic principles are absent. The artisan phase is marked by the
collecting of data about what worked and what did not.
However, the use of such empirical rules left little flexibili-
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ty and excluded radical departures from precedent, making
engineering progress a slow process.

The professional institution at an artisan stage is al-
most absent or very incipient. During this phase, craftsmen
could banded together in guilds, and organizations,” but
there is no regulatory agencies or design codes that served
to protect the public as well the professional class. The
artisan professional training process is the apprenticeship
method. There is no technical school or textbooks. Such
matters of a technical nature passed orally from generation
to generation of craftsmen.*

Descriptive stage

The descriptive stage is marked by the appearing of
condensed rules regardlng the qualitative behavior and re-
quisites of a given engineering task. Through not exclu-
sively based on scientific principles, these rules, after all,
represent an application of elementary scientific know-
ledge. They give general advice to the builder such as the
most favorable cutting season for wood, in the renais-
sance.” In the same purely descriptive manner, stones in
construction engineering were classified merely according
to geographical principles, denoting a strong regionalism on
the standardization process of descriptive stage, or even
according to their color, revealing only aesthetical preoccu-
pation, but not according to engineering properties such as
strength in a quantitative sense. Master buildings knew the
limitation of their materials, and much of their experience
could be codified and passed to others as design rules or
design procedures, but just in a descriptive manner or in a
how-to-do procedure.

As in the artisan stage the engineers focused more in
answer the questions how to attain determined engineering
tasks than to understand the relevant phenomena underling
their decisions. The result is that the descriptive design
rules are of not general application, being, in general, in-
consistent when extrapolated.

On the descriptive stage there is still no professional
infrastructure: no committees reviewing design codes of
practice, and no technical press through which scientific
developments were communicated to practicing engineers.
The profess1onal training in a descriptive stage of a given
engineering discipline is characterized by the use of the
first technical manuals of instructions. In general, those
works combine rules of thumb with mathematical or even
theoretical descriptive concepts.*® During the early 19
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century, the theoretical, scientific approach for many engi-
neering problems was gradually beginning to be taken for
granted. The change from artisan routine to modern sci-
entific based engineering must be regarded as truly revolu-
tionary, when the analytical, quantitative stage of a given
engineering discipline is reached. It marks the beginning of
a unique and important development.¥

Quantitative stage

The analytical or quantitative stage in many civil en-
gineering branches was stimulated by the confluence of the
scientific discoveries and the economic requirement of the
use of resources and materials in the engineering practice
during 18" century.”® The strength of materials and struc-
tural engineering had become quantitative disciplines late
on the same period.”

By this time many engineers had developed confi-
dence in design techniques based on calculations rather
than empirical data alone. However, it should not be ex-
pected that the model would accurately represent every
aspect of a real world structure. Rankine in middle of nine-
teenth century proposed the concept of the now largely
used factor of safety to express the difference between the
conceptual theoretical model and the real structure.”®

The design process in its modern sense is more fo-
cused on universal and general application, eliminating re-
gionalisms and being not restricted to imitate previous
specifications. The design procedure in the analytical sense
is much more than a set of instructions to construction
workers. In current language it is a mathematical model of
the building — an abstract representation of the structure
that allows one to experiment, to try out ideas without
actually executing them.

Engineering science grew out of and in the university
environment. In general, the introduction of technology
into the university curriculum came at the same time of
active interest in the professionalization of engineering.’!
The emergence of engineering as a profession brings the
realization of the importance of scientific and technical
education as a prerequisite for engineering. The modern
engineer education concept means that a person can derive
and understand engineering subjects such as structures and
machines, without, having been a builder himself.

The analytical stage also enables the elaboration of
design codes. Being produced by leading members of each
profession and given a government’s stamp of authority,
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design codes represent a distillation of engineers’ collective
experience in a certain field. They are intending to ensure
that, by using them, any competent engineer will be able to
arrive at a satisfactory design and to achieve the level of
confidence in a proposed de51gn that society considers
acceptable. Quantitative engineering facilitates the precise
stipulations regarding the quality, origin and treatment of
the building materials to be used, as also the construction
program, and site organization, legal and financial clauses.

The synthesis of freely creative design and analytical
approach is the foremost symbol and criterion of modern
engineering and it is the main reason for its perennial
progress.

Soil bioengineering as an engineering discipline

Soil bioengineering has as its major objective to proj-
ect an stable dynamic ecosystem® that can directly con-
tributes to improve the geotechmcal hydraulic and hydro-
logical conditions of a given site,” or in other words to
facilitate or even to enhance the stabilization of natural
systems. Even though the key elements in this project ac-
tion are live organisms such plants, the backbone of soil
bioengineering as a science branch is its engineering ap-
proach, or using the words of Petrone & Preti,** the
constitution of a technical-scientific discipline. Early de-
scriptions of soil bioengineering as a science discipline had
point out this principle, as it can be viewed on the Krued-
ner”® work when referring to soil bloenglneermg projects
as actions were the physical laws of “hard” engineering are
used in confluence to the biological attributes of living
material.

Soil bioengineering has additional functions aside this
technical or engineering finality but, soil bioengineering is
not a landscaping approach or even just a construction
method. The very essence of soil bioengineering relies on
the development of its methodological frame and systemat-
ic and scientific study of its applications.”® Terms such
vegetative construction, biological building material,” live
building material®® are clear indicators that when one is
dealing with soil bioengineering approaches is working over
engineering ground. The live plant material is not employed
as decorative or cosmetic intervention, but clearly as a civil
engineering work.”” Plants are used as building material in
the soil bioengineering interventions and consist of the
base of such works, making appropriated its name as a civil
engineering branch.
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Still in accordance to Lachat® soil bioengineering is
not infrequently erroneous seen just a plantation or a land-
scape activity. Being used alone or as an essential comple-
mentary approach to traditional engineering solutions,® soil
bioengineering practice definition clearly includes its final
goal: to fulfill engineering functions®

Such as any correlated engineering discipline soil bio-
engineering has additional concerns than just construction
methods, according to Gray & Sotir®® soil bioengineering
and biotechnical methods also can be viewed as strategies
or procedures for minimizing the liabilities of vegetation
while capitalizing on its benefits. In this context, according
to Lachat® soil bioengineering is comprised, in the set of
solutions, methods and approaches available to the engineer
in order to obtain functional and durable solutions. The
search for safety, economy and fea51b111ty is universal a-
mong engineering branches and it is not absent in soil bio-
engineering applications.

The claim that soil bioengineering is not an exact
science,” but rather it is an art that must be designed from
many different factors that are not always easy to determi-
ne is not false but it is completely true for every traditional
engineering branch. As exposed on the previous section,
engineering has developed it proper scientific frame, and its
branches tend to pass from the artisan stage to an analytical
phase. This path is not different regarding soil bloengmeer-
ing as illustrated in the Bentrup & Hoag affirmation: “Some
of the [soil bioengineering] techniques will work well in
one situation, but not in others. The secret is to learn over
time and many different projects.”®

According to Gray & Sotir”, plant materials are not
different from other materials in the sense that they must
be selected with care for their intended purpose, which
once more affirms the engineering character of biotechnical
methods. However, the very singular nature of this con-
struction material®® turns necessary the development of an
engineering discipline capable to deal with the vegetative
material peculiarities. In this sense plant material are seen
not only in biological or ecological senses as the traditional
point of view of botanic or biological sciences but, also as
building material and engineering structures.®

The development process of soil bioengineering as a
separated branch of civil engineering can be regarded as a
rediscovery and a reinterpretation of traditional engineer-
ing methods.” In some cases it can be necessary that an
entirely new approach must be created in order to fulfill
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the vegetative peculiar requirements. The differences in ap-
proach are also a remarkable distinction about soil bioengi-
neering and other civil engineering branches.”! According
to Lachat’® soil bioengineering consists of a nature emula-
tion, artificially accelerated to fulfill mainly technical re-
quirements but also to accomplish economical, ecological,
and aesthetics functions. In fact soil bioengineering re-
quires both an understanding of engineering principles and
knowledge of vegetation”, but not in a detached manner. It
requires an understanding of how these two branches of
knowledge interacts one with another and the way which
both interacts with soil, water and climate conditions of a
given work site, what turn soil bioengineering a very inter-
disciplinary engineering branch.

Current stage and practice

The most salient aspect of soil bioengineering is the
use of live plant materials as an active element in the inter-
vention. To achieve such finality, local or even autochthon-
ous vegetal species must be found. However, the proper-
ties and features desirable for such vegetative material are
of universal character, they are called biotechnical charac-
teristics. The lacking of information regarding local species
with biotechnical characteristics is frequently a prominent
obstacle in the soil bioengineering techniques spreading.
This search for local species has caused, at least apparently,
some misunderstanding about the nature of soil bioengi-
neering itself. It is usual to find in the soil bioengineering
specified literature works whose content and even the
proper title seems to validate their information only local-
1 ‘74

The question is: is the universal validity of the techni-
que being clouded with the necessity of local vegetable
species with biotechnical properties? Even though some
degree of confusion about this aspect can happens, it can be
properly cleared by considering the soil bioengineering
definition made by virtually each author, all of them have
been emphatic to view vegetation as a constructive material.
In other words, just the materials — what is the same in
almost any engineering branch — are of regional character,
the design processes must have an analytical methodology
of universal validity character. The regionalism regarding
soil bioengineering technical applications can be originated
not only from this confusion but also from the proper
current stage of this discipline.
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Soil bioengineering current stage is not uniform
regarding all its various sub-branches, since they are not
equally developed.”” However, considering the principles
presented on section 3, the artisan and descriptive marks
can be identified in soil b10eng1neer1ng regarding its profes-
sional practice, institution and training.

Professional practice

In spite of embrace a sufficient set of basic principles
in order to characterize a distinguished approach, soil
bioengineering professional practice does not exhibit a
standardization degree comparable to other correlated en-
gineering branches. The professional approach facing a
practical problem depends massively on the previous expe-
rience of each engineer.

Regarding technical codes, soil bioengineering works
lack an analytical point of view and are strongly based on
practically accumulated previous experience. This could be
identified on expressions such as: “gained experience”;
“new experience developing and accumulation”; which are
recurrent in the disclosure period of soil bioengineering as
a scientific discipline’”® and are kept at the present time”
Coppin & Richards™, and also Hacker & Johannsen”
precisely recognize the artisan origin of soil bioengineering
techniques, and also its “gained experience” approaching.
Even the plant species selection at the current stage de-
pends on the previous experience of the professional.

The concept of an optimized design (safety, econom-
ic and feasible) is present and cleared pointed out by the
technical literature, Cornelini and co-workers®® emphati-
cally present those principles in schemes showing a clear
distinction between design and deontological mistakes.
However, the lacking of analytical approach could confuse
the engineer or other professional engaged in a soil bioen-
gineering project, leading him, not infrequently, to an only
cost-oriented design (in opposition to a performance-based
design). The soil bioengineering professional practice is
thus characterized by the lacking of technical specification,
design codes, monitoring procedures and maintenance
standardized methodologies.

The novice engineer who desires to employ soil bio-
engineering methods must search a solution based on the
encoded (by the yet experienced professionals) informa-
tion founded in schemes or entirely descriptive procedures
such as tables, decision trees, graphs, or texts that guide the
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beginner engineer to a closed solution, without exposing
the underlying analytical method (if existent).

Regarding the inert material specifications the task is
obviously facilitated by the traditional engineering know-
ledge, and once more the difficulty relies on the vegetative
material whose quantitative specification information is
almost inexistent, and also its interaction with the inert
materials. There is also ignorance about the forces magni-
tude and dimension scales with the soil bioengineering can
handle. The underlying processes and correlated phenome-
na are qualitatively understood and satisfactorily described
by the technical and scientific literature; however the
quantitative description of some needed design parameters
is yet very incipient. One of the main reasons for these
characteristics is the very erratic and complex behavior and
mechanisms that characterize vegetation itself as well its
interaction with the various environmental agents such soil,
climate, landscape and other living organisms.

Professional Institution

In the context of professional institution, soil bioen-
gineering has the support of universities which are inter-
ested on this scientific area, including some research insti-
tutes dedicated to the soil bioengineering developing. Na-
tional and local professional associations are common in
some European Countries and in the USA. Official and
governmental agencies, especially those related to hydric
resources and road engineering has demonstrated interest
and has contributed for the soil bioengineering develop-
ment. However, the existing organisms have not yet the
sufficient acting amplitude, organization and authority to be
in charge of the analytical standardization of soil bioengi-
neering practice. The regulatory agencies in charge of soil
bioengineering activities do not possess, in most countries,
specified codes or standards regulations to supervise these
activities.

Academic research efforts in terms of analytical
knowledge have already being done.®! Even though these
efforts are an important contribution to the developing of
soil bioengineering they are not uniform. In addition, those
studies do not present common or standard methods
regarding technical knowledge sharing, acting conduct, and
tests protocols. Nowadays soil bioengineering has its own
publishing and propagation mechanisms. Its results can
reach the interested public through scientific journals
specialized in the correlated themes. There is also publica-
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tions specialized exclusively on soil bioengineering sub-
jects, and scientific events such congresses, symposiums
and technical forums. Regarding propagation as well other
institution issues it can be observed a large progress in the
current stage of soil bioengineering. Possibly, the next im-
portant step in this process is the creation of an interna-
tional organization able to gather different regional organi-
zations.

Professional training

The professional training in soil bioengineering field
is highly influenced by both currently professional practice
and institution. Due to the very current stage of the profes-
sional practice the soil bioengineering learning process de-
pends massively upon the direct contact with the practical
professional exercise. The technical books also reflect this
fact by valorizing, in most cases, the knowledge transfer-
ring by practical experience description or even giving
executive guidelines, showing in the training process the
same non-analytical behavior of the professional practice
and institution.

The formal educational system composed by univer-
sities and institutes strive to make the learning process
more analytical, but the tools to attain such goal are not
completely available. There is not a minimum standard cur-
riculum, not even in a regional degree, related to soil bio-
engineering professional training. The major part of special-
ized books on the subject consists of technical handbooks
and not textbooks of general application.

Soil bioengineering, is currently characterized by an
artisan-descriptive phase, which is very natural in the de-
veloping process of every engineering branch. This current
stage could not be absolutely understood as a failing pro-
cess or weakness feature. But, similarly to even other engi-
neering discipline, this phase must be overcome and the
signs toward this analytical direction can be yet seen. In the
following section the consequences of such developing
process are discussed in details.

The main challenges

Even though soil bioengineering techniques com-
pound an alternative approach or complementary actions to
the traditional civil engineering methods they are not equal-
ly accepted in engineering applications. The schemes and
intervention in soil bioengineering methods are, in many
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places, little known or even completely ignored. The rea-
sons of these reluctance and ignorance could be largely
explained by the current stage regarding professional prac-
tice, institution and training as discussed in the previous
section.

Considering the professional practice field, one of
the great obstacles to the soil bioengineering techniques
broader acceptance is the scarce information regarding
vegetation species with detected biotechnical potential. The
knowledge gap regarding local vegetation’s biotechnical
properties generally obligates the engineer to choose be-
tween two paths: the use of allochthonous species or the
prioritization of non-vegetative intervention schemes such
as geotextiles, erosion control blanket, concrete, gabions
and other inert structures, where vegetation effect is re-
garded to a secondary role,*? not infrequently, without any
technical function.

Following the premises from the very first soil engi-
neering definitions®, the vegetation used in its techniques
should be, preferentially, autochthonous and must be em-
ployed as an active structural component contributing di-
rectly to soil stabilization. Here, the term stabilization is
used in its broader sense, meaning, according to Sowers &
Sowers®, the process of improving soil in order that it can
meet the desirable engineering requirements.

According to Cornelini & Ferrari® the autochthon-
ous material use is of fundamental character to a given
intervention using soil bioengineering technique. This fact
means that even though soil bioengineering ecological
function is not technically a restrictive requirement, it is an
important principle in the discipline practice. The economi-
cal and aesthetical functions can be regarded on the same
way. This kind of separation is really necessary and central
to the analytical development of the soil bioengineering
since it can guide the engineer to the needed functions on
a specific project.

According to Morgan & Rickson® when a soil bioen-
gineering based intervention is designed, it comprises
further than a traditional engineering work but also an
ecosystem. By the other hand, according to Gray & Sotir®
the live plant materials are not different from other conven-
tional material, in the sense that they should be selected
and specified according the intentioned purposes in the
intervention design. Hence, the identification of biotech-
nical properties and botanical related characteristics in the
autochthonous flora of a given local is an important step to
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develop soil bioengineering as a more analytical discipline.
The great challenge related to this issue is the very absence
of a program to structure methodologically the recognition
and search for determined local species with the desirable
biotechnical properties to enhance a given necessary prop-
erty to dynamically stabilize natural system. Such a meth-
odology is really important, since according Schiechtl* in a
given floristic area there are many appropriated species to
use in landscaping or horticultural activities, but there are
few which prove their biochemical value. In the absence of
such analytical methodology to search, to measure and to
quantify biotechnical potential in vegetation species, the
results could be inconsistent or demand a larger amount of
time to be considered consistent.

This lack of analytical approach also leads to a gap in
the conscience concerning the real reach of soil bioengi-
neering interventions, regarding engineering problem di-
mensions. It can be observed in the stamen done by Cor-
nelini & Sauli¥ who predict an increasing in the soil bioen-
gineering application reach as the plant biotechnical prop-
erties knowledge also increases. Along these lines, the very
current reach horizon of soil bioengineering is let obscure.

The incomplete methodological and analytical focus
at the current soil bioengineering professional practice
transcends the search and identification of biotechnical

valuable species and is also present in the intervention
scheme choice and demgn process. The existed models are
strongly based on previous and empirical experience.
Those models could in some level incorporate some scien-
tific knowledge, however, without a complete analytical and
quantified design process. The main difficulties, resulted
from this empirical design process, are that new schemes
are, at least partially, relegated to the experimental range.
When the engineer faces a completely new problem or
application he has not the necessary analytical tools to
extrapolate his previous knowledge to the new situations.
Such a lack of analytical approach is according Lewis* one
of the fundamental difficulties to establish the professional
field of soil bioengineering.

The main consequence of such empirical design
process is reflected on the great variety of soil bioengineer-
ing intervention results. It can be found some soil bioengi-
neering projects which fail from a technical aspect, being
not able to convey appropriately the 1mposed require-
ments. On the other hand there are interventions exaggera-
tedly conservative, consisting of, in the words of Cornelini
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& Ferrari’!, a case of deontological error. According to
Rankine? this conservative approach is a direct result of
the unscientific design which is obligate to counteract the
lack of analytical knowledge by the use of massive strength
materials and schemes.

Soil bioengineering does not feature those abstract
methods of design According to Morgan & Rickson”,
without engineering quant1f1cat10n vegetation cannot be
included even in a s1mple way in engineering des1gn
procedures. The result is that soil bioengineering has its
solutions largely based on the qualification of a mentor
artisan (in a similar way to the master buildings in middle
age). The term artisan is used here meaning a professional
who is guided essentially by his intuition. Therefore, is the
intuition, the key mark which distinguishes the engineer
from the artisan, both have it, but just the last is uniquely
and essentially oriented by intuited insights.

Soil bioengineering professional institution is marked
by the scarce existence of literature, codes of practice, or
regulation.” This current stage limits the prescription of
these techniques on the design procedures. Other impor-
tant consequence is the lack of confidence by the engineer
to forecast performance at a safety level during the work
lifetime, which in turn leads this same professional to reject
such interventions. These challenges follows from the fact
that the recourse to empirical design procedures means
that it is impractical to specify limits for loadings or factors
of safety in the engineering design process.

Regarding soil bioengineering training aspects, the
current empirical stage prevents that both the learning and
knowledge acquiring processes used on standard engineer-
ing courses could be replicated and adapted to this new
engineering field. This is explained by the fact that an arti-
san and empirical knowledge request more practice and
field experience than an analytically developed engineering
branch.

It is important to note that if an intervention is based
just on artisan and descriptive criteria, this not means that
is an inferior solution in terms of quality. On descriptive
phase of structural engineering many buildings such as the
middle age gothic cathedrals, had a structural quality that
hardly could be improved by the modern engineer.”” How-
ever, regarding to its fundamental descriptive characteris-
tics the constructive techniques of such buildings were
only ruled by the master building. Furthermore, those
techniques were not unique and change from master to
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master. Those characteristics result in a very expensive
knowledge appropriation and also in a very irregular know-
ledge transmission. Another negative consequence is the
effort repetition and in many cases, a trial and error se-
quence which turns the very developing process a very
cumbersome procedure.

In a similar way that happened to other engineering
disciplines, the quantitative and abstract marks from analyt-
ical phase can open new possibilities that are previously
unimaginable to soil bioengineering. While most englneer—
ing branches have as their main issues to answer “why”
questions, soil bioengineering could not be restraint at eve-
ry new challenge to answer only “how” questions, waiting
for a long time until these new techniques become full
established and accepted though the experience acquiring
process.

Those difficulties should be appropriately addressed
by an analytical approach, universally valid method, ac-
cording the engineering premises and be not codified into
subjective descriptions or dependent on experiment repeti-
tion or even closed on the artisan’s mind. This structured
an analytical approach could stimulate the interest of and
encourage engineers and others to employ such soil bioen-
gineering measures. In the next section a program to struc-
ture the soil bioengineering developing as a more analytical
discipline is suggested and discussed.

Developmental program

Since soil bioengineering constitutes a branch or a
discipline of the traditional engineering, a similar path to its
development can be traced. The improvement of soil bio-
engineering could be granted by both scientific progress
and technical evolution.”® A parallel to the correlated tradi-
tional science branches is not only efficient to characterize
and to provide understanding about the developing phases
of the current stage of soil bioengineering. It could also be
used to reduce the time required to this discipline reaches
an analytical stage. According to Morgan & Rickson” the
waiting for decades to new soil bioengineering schemes
become full established and the techniques completely eval-
uated can be avoided by stating the potential of soil bioengi-
neering as science and justifying the techniques involved to
practitioners. In other words, by developing it as an analyti-
cal science field. This approach corresponds to the very
definition of engineering as a link between theoretical sci-
entific knowledge and technical practical application. In
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this way, the analytical setting of soil bioengineering, could
be attained by appropriation, adaptation or even inspiration
derived from all methodologies, practices, tests, protocols,
procedures, and approaches that has being gradually evol-
ved in the long developing process of correlated traditional
engineering branches. This parallelism must be very regard-
ful to specific particularities of soil bioengineering, mainly
concerned to vegetative material and the additional finalities
of its application such aesthetic, environmental and pro-
ductive use of the intervention subjected area.

Even though plants constitute a very different mate-
rial from those inert materials traditionally used in engi-
neering building practices, vegetation, according to Schie-
chtl & Stern’, as well any other building material must
comply with origin conditions, quality characteristics, size,
and age in order to appropnately perform or support the
engineering properties improvement of soil.

The very first step to compose such parallelism bet-
ween soil bioengineering and correlated traditional engi-
neering branches is to understand clearly how some de-
termined plant species could enhance some soil engineering
properties. For example, according to Genet and co-work-
ers”, if root system characteristics, which govern soil stabi-
lization, could be better identified, screening of suitable
species for use on unstable slopes would be more efficient.
This identification process itself could be clear and broadly
applied to other technical actions of soil bioengineering by
means of a model, as showed in figure 2, which correlates
at one side the stabilization requisites of the natural system,
which implies the technical function of soil bioengineering,
and at the other side the inherent vegetation characteristics,
the so called botanic characteristic. The interlink between
these two classes of properties is performed by means of
biotechnical constitution'® or biotechnical properties'®'.

In addition to the technical function consisting of
improving natural systems physical stabilization, soil bioen-
gineering has aesthetic, ecological and economical (since a
soil bioengineering work can provide live vegetative materi-
als to other interventions) finalities as showed in figure 2.
It can also be used as source of other agricultural and for-
estry materials. This multifunctional character is, in several
applications, a very useful feature'® which cannot be pair-
ed, in most cases, by correlated traditional engineering
techniques. As a construction material, live material, has
some requirements to keep itself active since its insertion
on soil bioengineering schemes until the entire intervention
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life cycle. Such requirements include ecological (soil, water
and light conditions) and phytosociology (competition and
interrelationship among species) requisites.

Increase of Reduction of
Strength Stresses

N/

| Technical Functions |
A

Mechanical
Process

Hydrological
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Figure 2: Correlation mode between live material construction and
soil bioengineering functions.

The correlation model briefed in figure 2 can also
clarify some concepts that, not infrequently, are mixed up.
A brief literature survey in the soil bioengineering field is
sufficient to reveal that not unusually; concepts such as
finalities, functions, actions, properties, characteristics, ap-
proaches, techniques and schemes are not properly stated
and distinguished in a rational way. It is also frequent that
some causes and consequences are taken equally in a given
list of properties or actions. It is also pertinent to propose
a specified soil definition in the soil bioengineering per-
spective which share, but being not restricted to, the civil
engineering approach to soil as a physic-chemical construc-
tion material and also having in common the productlve and
fertile point of view held up by agricultural sciences.
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The biotechnical properties of a given vegetation
specie or a group of plant species are those properties
which can influence positively the soil engineering requisi-
tes. The action exerted by the biotechnical properties of
vegetation upon soil engineering requisites could be clas-
sified in three classes according to the produced effects:
mechanical, hydraulic and hydrological processes.'® In ge-
neral, effects of more than one group occur at same time.

The positive influence on the natural system stabiliza-
tion could be exerted in a direct way, by improving the
inherent soil properties, or the system strength, such as the
reinforcement in soil matrix due some soil root systems.
And also, it could be performed in an indirect way, by re-
ducing the demand action of destabilizing agents, such as
reducing runoff volume by evapotranspiration or infiltration.

On the other side the botanical characteristics are
inherent to the plants themselves, describing their behavior
in terms of ecology, physiology and morphology, which in
combination; result in the biotechnical properties of such
vegetation. As an example a given root system architecture,
which is a botanic characteristic, could result in more or less
pull-out resistance. The parallelism to a given inert material
used in traditional interventions could be traced in such a
way that the botanical plant characteristics are related to
the biotechnical properties in the same way as the inert
materials characteristics (gravity, elastic modulus, etc.) are
to the technical their properties (strength, stiffness, etc.).

The biotechnical vegetation characteristics should be
sought according a primordial purpose. This objective is
the fulfillment of the technical finality of soil bioengineer-
ing. The soil engineering requisites are enhanced by the
biotechnical plant properties, which in turn are explained
by a proper set of inherent botanical plant characteristics.

A clear model which translates inherent plant charac-
teristics into enhancing of desirable soil engineer requisites
is, in the view of the authors, the very first step to the
evolution of soil bioengineering from its current artisan-
descriptive stage to a more analytical one. This model can
be obtained by the following basic steps:

Step 1: This step consists basically of the specific
identification of all engineering requisites regarding inter-
ventions of soil b1oeng1neer1ng, the identification of all bio-
technical properties that influence or contributes to the
enhancement of these engineering requisites; and the iden-
tification of morpho-mechanical botanical characteristics
responsible, directly or indirectly by the biotechnical prop-
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erties. Then, this step is completed by the derivation of a
correlation model, between engineering requisites and
plant inherent characteristics, which make possible a clear
understanding to derive the strategies and approaches of
the next suggested steps

Step 2: The main goal of this step is to study how the
engineering requisites surveyed on Step 1, are enhanced by
conventional construction materials and traditional engi-
neering techniques. And also to study the analytical quan-
tification of the biotechnical properties surveyed on Step 1.
This step consists of a fully understanding of both tradi-
tional techniques and the yet developed efforts to quantify
the biotechnical properties, making possible to determine,
what methods could be directly used or inspire the same
kind of developing regarding soil bioengineering practices,
and what new procedures needed to be derived.

Step 3: This step has as its main goal to rank the bio-
technical properties collected on step 1 according to their
developing necessity regarding step 2. This rank considers
further the current developing stage of the biotechnical
properties and also their amount of influence on soil engineer-
ing requisites. Is also considered the interdependence be-
tween those properties, since some of them must need the
prior developing of others. This step leads to a rational pro-
gram in terms of resources and time to develop analytically
the soil bioengineering. This is achieved by defining what
traditional approaches could be applied to the prioritized
biotechnical properties. And also by defining those properties
whose quantification method must be developing completely
aside the traditional techniques. This step makes possible to
determine the biotechnical properties whose parameters
quantification could be follow a related traditional counterpart
and those whose path need to be entirely developed according
to the peculiarities presented by the live vegetative material. It
includes the development of standard protocols regarding
search of plants with biotechnical properties following the
correlation, turning the species search activity an analytical
procedure such in the case of other conventional construction
materials. This is achieved, mainly, by focusing on principles
and making these procedures of general and universal applica-
tion instead of local oriented practices and regionalisms.

This model contributes to the main applicability re-
quisites of soil bioengineering, which are, according to
Gray & Sotir'®: availability, installation feasibility, familiar-
ity, techniques propagation and dissemination, design codes
existence, and specification acceptance.
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Both availability and installation feasibility are inti-
mate related to the actual lacking knowledge regarding the
local vegetation biotechnical properties. It is common that
in many situations and many places the vegetation action is
relegated to a minor contribution in reaching the engineer-
ing requisites. Even the search procedures and tests con-
cerning both botanical characteristics and biotechnical
properties are not standardized and analytical settled. In
this sense a developing model to soil bioengineering must
also to propose and to establish analytical procedures and
methods regarding the plant species discovery.

In the familiarity issue, the very discipline struc-
turation in an analytical frame and inspiration by a paral-
lelism to the related traditional civil engineering branches
lead to an appropriation of the existent familiarity to engi-
neers engaged in traditional techniques. This structuration
model also allows, by increasing the rational level at the
design and construction procedures, the use of live plant
material in infrastructure applications such roadways, rail-
roads, pipelines rights-of-way, energy transmission line cor-
ridors, optical cables, etc. Since the aforementioned steps
help the development of soil bioengineering as a feasible
approach to common engineering applications where care-
ful planning is needed, with live plants to be considered as
veritable construction material. In this context, this pro-
gram contributes to develop the professional institution of
soil bioengineering practice, making possible the future
creation of practice rules and design codes.

Regarding the promotion and dissemination, the main
difficult according Schiechtl & Stern'® is the remarkable
pre-existent reluctance direct to soil bioengineering ap-
proach in preference to conventional methods. According
to them, this reluctance results from both lack of training
and acquired practical experience in such a new field. The
analytical developing of soil bioengineering could help or
even creates mechanisms to overcome such difficulties.
The engineering training modern method is nowadays
largely based upon the analytical teaching, which could not
be done in the case of an artisan knowledge, whose training
depends on years of experienced based apprenticeship.

Final remarks

Soil bioengineering has as its main and distinguishable
characteristic the use of live vegetation elements as con-
struction material. Focusing on native species, local natural
materials, reduced impacts and modification and the syner-
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gy between inert and live materials soil bioengineering
techniques are a very suitable approach to stabilize natural
systems. This is attained due to the flexibility, nature emu-
lation, and high level of integration exhibited by soil bioen-
gineering schemes.

Soil bioengineering is a branch of civil engineering
and has aside its primordial technical functions of stabilize
natural systems, further finalities such as aesthetic, ecolog-
ical and economic objectives. Actually, a soil bioengineering
design process embraces more than a typical traditional
engineering work, it consists of an ecosystem design.

Although soil bioengineering schemes are not new,
the settlement of this discipline as a technical and scientific
engineering branch is relatively recent. Soil bioengineering
current stage is characterized by an artisan and descrlptlve
approach, commonly exhibited by other engineering disci-
plines in their gradual developing course. This non-analyti-
cal stage of soil bioengineering is characterized by a highly
empirical professional practicing, a not fully organized pro-
fessional institution and a practical experienced-based pro-
fessional training process.

Many obstacles to soil bioengineering broader accept-
ance by the engineering community and also difficulties to
its developing are a direct consequence of this current des-
criptive and artisan character. Examples of negative con-
sequences of this present stage are: lack of confidence by
designers in the prescription of soil b1oeng1neer1ng meas-
ures, irregular and time consuming training processes, long
developing processes of new schemes and methods.

As an engineering branch, soil bioengineering could
be analytically developed tracing a parallel to its correlated
other engineering disciplines. A program to develop and
structure soil bioengineering as an analytical engineering
field was presented. This program is fundamentally based
on a model that clearly interlinks morpho-mechanical bota-
nical characteristics and biotechnical properties of plants to
the needed stabilization requisites of natural systems. The
proposed program contributes directly to the applicability
and the dissemination of soil b1oeng1neer1ng techniques by
a broader professional community in a more uniform and
rational way. It also allows the use of soil bioengineering
schemes in infrastructure applications such as roadway
works. This structuration contributes to the developing of
new soil bioengineering methods, and to more feasible
training processes of such engineering discipline.
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