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ABSTRACT

Following the premises of integral risk management, comprehensive mitigation concepts have
to be elaborated in a structured manner aiming to fulfil the requirements of effectiveness and
efficiency. In order to achieve the optimal protection level against hazard processes, the
planning process has to follow distinct guidelines that allow for a consistent management
process. Thereby, the necessities of efficient risk reduction have to meet other commensurate
requirements, such as ecological sustainability, technical reliability, feasibility of the concept
itself even under changing system loadings, as well as an adapted maintenance strategy. Until
now, only little work has been done to conceptualise such necessities from an integrative
point of view. So far, most of the engineering strategies aimed either at maximising the
hydraulic discharge capacity or the bed load retention, or at consolidating the streambed and
limit the rate of bedload production. To overcome these shortcomings we propose a revision
of the underlying planning process by means of a step-by-step approach. This approach will
gear functionally efficient mitigation measures that are able to provide a higher degree of risk
reduction than conventional mitigation strategies by including possible alternatives already in
the early planning stages.

Key Words: Torrent processes, System life-cycle engineering, Inventive problem solving,
Risk reduction, European Flood Risk Directive

INTRODUCTION

In recent years, increasing numbers of natural hazards and associated losses have shown to the
European Commission and the Member States of the European Union the paramount
importance of the natural hazards issue for the protection of the environment and the citizens
(Barredo, 2007). There is a strong scientific evidence of an increase in mean precipitation and
extreme precipitation events, which implies that extreme flood events might become more
frequent (Christensen and Christensen, 2003; Kundzewicz et al., 2005). In parallel, exposure
to floods might increase across Europe as well as flood vulnerability due to population and
wealth moving into flood-prone areas. Thus even without taking climate change into account
an increase of flood disasters in Europe might be foreseeable (Mitchell, 2003). However,
alternative sources reporting on quantifying studies both on flood hazards at a continental
level (United States of America and Europe) as well as other mountain hazards at a regional
level suggested a trend in the opposite direction (e.g., Fuchs and Briindl, 2005; Oberndorfer et
al., 2007; Barredo, 2009; Fuchs, 2009).
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Nevertheless, these circumstances have produced a reaction in the European Commission, and
a Directive on the Assessment and Management of Flood Risks addressed to the Member
States was issued (Commission of the European Communities, 2007) as one of the three
components of the European Action Programme on Flood Risk Management (Commission of
the European Communities, 2004). Within this Directive, it has been officially acknowledged
for the first time that flood events (defined in its broadest sense including torrent processes)
are natural phenomena which cannot be entirely prevented. Such events have the potential to
severely compromise economic development and to undermine the economic activities of the
Community. Due to an increase of human activities in floodplains and the reduction of the
natural water retention by land use activities and consequent streamlining of the watercourses,
an increase in the likelihood and adverse impacts of flood events is expected. Therefore,
concentrated action is needed at the European level to avoid severe impacts on human life and
property. However, society increasingly realised — also on the political level — that despite of
considerable amounts of public money spent for conventional technical mitigation and hazard
mapping, a comprehensive protection of settlements and infrastructure against any loss
resulting from hazard processes is not affordable and economically justifiable
(Weck-Hannemann, 2006; Fuchs et al., 2007). People and political decision makers are
increasingly aware of this situation, thus, in some Alpine countries a paradigm shift took
place from hazard reduction to a risk culture (PLANAT, 2004 in response to Nationalrat,
2000) while dealing with natural hazard risk in other countries still remains conservative until
now (Fuchs et al., 2008a).

In order to have an effective tool available for gathering information, as well as a valuable
basis for priority setting and further technical, financial and political decisions regarding flood
risk mitigation and management, it is necessary to provide for the establishment of flood
hazard maps and flood risk maps which show the potential adverse consequences associated
with different flood scenarios. Accordingly, as a first step towards these requirements
information on risk has to be compiled.

The concept of risk has been introduced in natural hazard management since experiences from
past years suggested that values at risk and spatial planning should be increasingly considered
within the framework of natural hazard management (e.g., Fuchs et al., 2004; Keiler et al.,
2006). To meet this goal, the concept of risk seemed to be a valuable instrument to reduce the
susceptibility of buildings and infra-structure to natural hazards (e.g., Heinimann, 1995;
Kienholz et al., 2004), and to develop strategies for a sustainable use of mountain areas for
settlement, economic purpose and recreation. However, the concept of risk is static over time
(Fuchs et al., 2004), while losses are the predictable result of interactions among three major
dynamic systems (Mileti, 1999): the physical environment, which includes hazardous events;
the social and demographic characteristics of the communities that experience them; and the
values at risk such as buildings, roads, and other components of the built environment. Even if
research on the hazardous events has a long tradition, above all in engineering sciences and
with respect to mountain hazards, there is a particular lack of studies related to the
spatiotemporal development of elements at risk that are prone to hazards (Fuchs et al., 2008b),
and the associated vulnerability of values at risk and of communities (Fuchs, 2009). With
respect to the latter it has recently been argued that the reduction of both economic and
institutional vulnerability is the prerequisite for the planning and implementation of protective
measures in an economically efficient and societal agreeable manner, and thus for a
sustainable development in mountain regions (Fuchs, 2009).
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An analysis of efforts undertaken to mitigate torrent hazards has shown that approximately
30,000 check dams and consolidation structures had been constructed since 1900 within the
Autonomous Province of Bolzano in northern Italy, 16 % of which do not fulfil the
requirements of reliability and, consequently, technical efficiency (Mazzorana, 2008). The
associated hidden residual risk, in particular in case of events larger than the underlying
design events, is obvious. Due to the evolution of elements at risk exposed, resulting from
socioeconomic transformation in the entire alpine area since the 1950s (Fuchs and Keiler,
2008), protective goals cannot be sufficiently met in many regions.

Protective goals are closely related to an idealised standard of protection, which from a
systems perspective is related to (1) a cost-efficient and effective risk-reducing measure; (2) a
highly reliable and easily maintainable system; (3) a highly functional (technical efficiency)
system with substantial mitigation effects for both events with high return period and events
with low return periods, the latter determined by a respective regulation effect; (4) a system
with considerable capacity to regulate sediment transport, above all a progressive reduction of
the remaining sediment yield potential (Ublagger, 1973; Armanini and Larcher, 2001); and a
system with flexible response capacity to extraordinary loadings (process intensities far
beyond the design events).

The objective is to approximate these idealised standards of protection, above all with the
overarching aim to reduce institutional vulnerability. This objective implies either preventive
mitigation measures if the functional efficiency of a system is given and the maintainability is
cost-effective; or a reconfiguration of mitigation measures if the system does not perform
satisfyingly or the maintainability is not cost-efficient.

The concept of system life-cycle engineering provides a useful method to meet the
requirements of idealised standards of protection (Blanchard and Fabrycky, 2006) due to a
structured approach allowing for design, delivery, and maintenance of mitigation systems and
capabilities.

THE CONCEPT OF SYSTEM LIFE-CYCLE ENGINEERING

The major principles of system life-cycle engineering are related to (1) an improvement of
methods to determine the system requirement according to specific needs already early in the
design phase, i.e., the cost-efficient and reliable performance and implementation of
mitigation strategies; (2) an assessment of the entire system studied including all necessary
elements needed; and (3) a consideration of the intra-relationship between individual system
components and interrelationships between higher-order and subordinated levels within the
system hierarchy.

By adopting the concept of system life-cycle engineering to the mitigation of mountain hazard
risk, a procedure is proposed which is tailored to the specific needs of torrent and avalanche
control and contains in a nutshell relevant theoretical principles that have been identified with
respect to life-cycle design and integral risk management, including inventive assessment of
the problem to be solved (Altshuller, 1984; Ruchti and Litotov, 2001; Mazzorana et al., 2008;
Zobel and Hartmann 2009).

According to the system life cycle outlined in Fig. 1, the phases are classified in an
acquisition phase and an utilisation phase in order to distinguish between those actions
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necessary to develop the system and those actions necessary to maintain the system at a high
performance level, and to adapt the system if the performance level becomes sub-optimal. The
acquisition phase, from a theoretical point of view, starts with the identification of needs
(critical system analysis) and extends through conceptual and preliminary design to detailed
design and development. The utilisation phase is characterised by the use of the product,
re-configuration and phase-out. System life cycle engineering includes thereby concepts of
the product life cycle, which is restricted to the manufacturing process, and concepts of
maintenance and support capability as well as re-configuration processes; the latter being of
particular importance with respect to existing hazard mitigation strategies that have proven to
be sub-optimal and should therefore be enhanced. Possible starting points for such a system
life-cycle approach in integral risk management may include (1) an analysis conducted on a
regional scale showing a need to increase the protection level against natural hazards in a
highly exposed area; (2) a survey carried out by the respective administrative agency
highlighting a particular need to maintain and/or enhance the technical functionality of an
existing protection system; and (3) a recently produced hazard map delineating frequency and
magnitude of a specific hazard processes which once overlain with a map of elements at risk
exposed provides a valuable indication of the areas at risk. Furthermore, as a result of (4) post
event documentation which represents an indispensable knowledge base for any intervention
aiming at effectively reducing risk, systems life-cycles may be used to design the appropriate
mitigation project.

I Acquisition phase I l Utilisation phase
Critical Conceptual / Detailed Production ,Product” use,
system Preliminary design and and/or resconfiguration, phase-
analysis design development | construction out
I
) ’ . Construction/
Manufacturing configuration )
. production
design :
operations
Product/system support %f"'Support and
configuration design maintenance
v v Product/system re-configurati%
Project Needs and dismantling
kick-off; goals clarified;
initial start requirements
up defined

Fig. 1 System life cycle (adapted from Blanchard and Fabrycky, 2006:29)

There is a strong need for a critical system analysis within any engineering efforts, above all
with respect to possible design alternatives and formalised procedures. Such efforts will
initiate conceptual design to meet defined requirements, and is therefore suitable to reduce
institutional vulnerability considerably. Moreover, necessary maintenance activities and
related logistic support will become detectable, which results in an enhanced system
reliability for the entire protection system. If necessary, the components of the system can be
re-configured accordingly (e.g., if insufficient protection performance is proven, a sediment
retention system can be converted into a sediment dosing system).
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Designing by means of the system life cycle approach is different from conventional
designing, but provides some benefits which are described subsequently. Furthermore, the
structured concept is — apart from operational targets expressed in terms of system
reliability — simultaneously responsive to explicit protection targets and risk mitigation needs
(e.g., to requirements expressed in functional terms such as the aim to enhance the sediment
dosing capacity of a measure), as well as to life cycle assessments (e.g., reduced clearing costs
of retention basins that may be alternatively invested in raising flood awareness). In Fig. 2,
these benefits are summarised with respect to methodological issues in the systems
acquisition phase.

Firstly, efforts have to be undertaken to progressively dissect the initial problem definition
with the objective to re-formulate and define consistently the problem under consideration
(critical system analysis). As a result, the requirement baseline representing the overall
strategy in terms of the first milestone is achieved. Secondly, during the step of conceptual
design, the requirements to be met by future (protection) system entities, and the Ideal Final
Result (IFR) have to be defined (Altschuller, 1984). Thereby, existing conceptual solutions
have to be adjusted to the IFR, resulting in the functional baseline (milestone 2).
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Fig. 2 System acquisition phase activities and interactions over the life-cycle for natural hazard risk mitigation
(adapted from Blanchard and Fabrycky, 2006)

Thirdly, based on the Theory of Inventive Problem Solving (TRIZ-TIPS), inherent

contradictions originating from systemic or physical constraints between possible solutions
have to be assessed, e.g., the search for a system that equally maximises sediment retention
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volumes during extreme events but minimises downstream sediment deficits during more
frequent events. As a result, the conceptual and functional specifications of both feasible and
technically effective solution pathways will be formulated (milestone 3). Fourthly, in the
phase of detailed design and development, specifications will be formulated to obtain an
optimised performance of each individual system component (milestone 4). Fifthly, the
production construction phase follows, in which the realisation of the envisaged system is
optimised and the preliminary design simultaneously improved (milestone 5). Finally, during
the phase of operational use and system support, the system behaviour can be continuously
improved in order to immediate intervention and re-configuration targeting at an improved
performance of the designed system.

THE THEORY OF INVENTIVE PROBLEM SOLVING (TRIZ-TIPS)

The theory of TRIZ-TIPS, first described by Altschuller (1984) and further developed by
Terninko et al. (1998), Zobel (2006) as well as Zobel and Hartmann (2009), provides the
backbone within the design process following the system life-cycle assessment. The
effectiveness of TRIZ-TIPS elements in the field of natural hazard risk management has
recently been shown by Mazzorana (2008) as well as Mazzorana et al. (2008). Moreover,
principles of TRIZ-TIPS can also be detected in the studies of Egli (1996) and Holub & Hibl
(2008) with respect to local structural protection, and related to the practical implementation
of mitigation strategies, such as described by Willi (2009) with respect to risk reduction for a
settlement in Switzerland by controlled dyke failure in the lower catchment of the
Engelberger Aa river. According to these experiences, a flood impact reduction concept for
the city of Vipiteno, Italy, was proposed by Scherer and Mazzorana (2005, 2007). The overall
principle in all of these case studies was to allow a quasi-controlled occurrence of losses in
areas with lower economic value such as agricultural areas and the simultaneous protection of
areas with higher values at risk exposed, such as settlement areas. Elements of TRIZ-TIPS are
regularly implemented in stage 2 and 3 of the system acquisition phase (cf. Fig. 2), above all
in the phases of conceptual design and preliminary design. These elements will gear
functionally efficient mitigation measures that are able to provide a higher degree of risk
reduction than conventional mitigation strategies by including possible alternatives already in
the early planning stages. When applying this suggested workflow, a high-quality spectrum of
conceptual solutions for the safety problem recognised in the hydrological system under
consideration will be the primary result. The detailed structural mitigation concepts will be
converted into application only in a subsequent step. A series of specific heuristics that were
identified from successful risk mitigation projects implemented in the past will support the
conceptual planning process. By feedback-loops the optimisation of mitigation measures and
the minimisation of risk in the considered system will be continuously balanced. As a result,
the bundle of possible mitigation strategies will be as varied as they are complex, and will
enhance the level of protection achieved compared to the conventional planning procedure
during the planning process. Therefore, in the following section these possibilities are
extensively described with respect to planning and decision tasks in natural hazard risk
management. The overall aim is to factually support the strategic decision making and the
priorisation of risk reduction measures through a guided stepwise procedure based on axioms
and principles of TRIZ-TIPS.

THE IMPLEMENTATION OF TRIZ-TIPS
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The following issues will be addressed step-by-step during the implementation of TRIZ-TIPS
within the management of mountain hazard risk. According to Fig. 2, these steps have to be
undertaken iteratively within the critical system analysis in order to achieve the goals of
milestone 1 and to set the basis for the operational elaboration of IFR.

Preliminary definition of the problem

By outlining the project, preliminary goals have to be described in order to gain insights in the
subsequent workflow which has to be compiled, including possible maotivations of all
stakeholders involved. Thereby, the focus is on flexible strategies in order to allow for
innovative solutions and necessary adjustments.

System boundary conditions

The technical and methodological boundary conditions of the study site have to be described
in order to appropriately delineate the system geographically, with regards to content, and
with respect to validity. Particular attention has to be given to process clusters and patterns
that appeared to be present within the system configuration, as well as to process nodes and
possible morphological progression such as sediment input, intermediate storage, and
deposition. Therefore, a recently developed procedure for scenario determination may be used
in order to derive consistent (and therefore relevant) hazard patterns (Mazzorana et al., 2009),
as exemplarily shown in Fig. 3 for debris flow-type hazards. As a result, qualitative as well as
quantitative statements will be possible with respect to the expected process characteristics
within the system, including knowledge on relevant effects, event documentation, and ad hoc
investigations as well as an abstracted river system representation (Projektteam ETAIp, 2003).

Hazard analysis
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Fig. 3 Procedure adopted to analyse the hazard process patterns as part of the system boundary conditions
Similarly, the elements at risk under consideration have to be determined, and necessary steps
for quantification have to be defined, including the possible assessment of physical and

resulting economic vulnerability (Fuchs, 2009).

Mitigation measures
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The overall condition of any existing mitigation measures within the system have to be
analysed and assessed, including information on maintenance necessities and reliability. The
overall aim is to evaluate whether or not the protection system has to be re-configured or
maintained, or if additional efforts are necessary in order to improve the reliability of the
measure.

Ecology and bio-potential

The assessment of the overall ecological and limnological conditions of the study site is a
necessary prerequisite to figure out possible ecosystem enhancements, ranging from creating
appropriate ecological niches for determined fish populations to providing connectivity along
the stream reaches (e.g., removing insurmountable obstacles such as consolidation dams or
alternatively create possibilities of bypass).

Possible system gaps and needs

By acknowledging the critical system analysis steps 4.1-4.4, a synopsis of identified
inadequacies or failures has to be compiled, with a particular focus on resulting risk as well as
on ecological issues as legally prescribed. As a second step, possible improvements necessary
to overcome these constraints have to be shaped, and a draft with respect to practical
implementation should be prepared. The overall aim is to formulate the general IFR (cf.
Section 2).

Operational elaboration of IFR

Operationally, the IFR will be achieved by (1) a description of an IFR model which meets the
requirements of economic efficiency, ecological sustainability, and systems reliability; and (2)
an approximation of this idealised model given the practical constraints (either being of
economic, ecologic, or feasibility restrictions). A major focus in this final step of TRIZ-TIPS
should be devoted to physical, spatial, and temporal resources available, since an IFR is not
target-oriented if e.g. the area available for the construction of mitigation alternatives is
restricted. Hence, with respect to torrent processes, alternative solutions such as dosing of
solids instead of consolidation and retention might be taken into account. Here, we propose a
set of tailored principles to assess systemic or physical contradictions on a system level (cf.
Fig. 2). These principles include approaches of separation, dynamisation, combination and
redundancy.
(1) Separation principles

(a) Spatial separation: The overall aim is to separate areas of high process intensities from

areas with a relevant accumulation of values at risk, or to concentrate adverse effects in

low-vulnerable areas.

(b) Temporal separation: The overall aim is to separate intensity maxima of liquid

discharge and sediment transport rates on the process side, and to separate elements at risk

from areas highly affected during critical periods of extreme events (e.g., by evacuating

people at risk).

(c) Separation by change of status: The aim is to reconfigure critical system configurations

(e.g., narrow bridge passages in case of expected woody material transport).

(d) Separation within the system: It may be possible to create subsystems with a lower

degree of susceptibility while the residual parts of the system remain unaffected (e.g.,

local structural protection for individual buildings).
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(2) Dynamisation principles
(a) Dynamisation of the sediment transport rates: The overall aim is to dose solids in order
to decrease local peak discharges (particularly with respect to woody material transport).
(b) Ecosystem dynamisation: The overall aim is to enhance ecosystem functionality.
(c) Dynamisation of mitigation: The overall aim is to create a flexible modular mitigation
concept taking into account the entire range of possible alternatives. This principle allows
for adaptation if the parameterisation will change in the future.

(3) Combination principles
(@) Combination of mitigation: The overall aim is to efficiently reduce effects with respect
to hazard and vulnerability, and to increase the system reliability and maintainability.
(b) Multi-purpose combination: The overall aim is to design parts of the mitigation
concept with respect to alternative uses, e.g., modelling the landscape in order to achieve
avalanche deflection without compromising the agricultural use of the area).

(4) Redundancy principles
(@) In particular for a worst-case scenario, certain elements of the mitigation concepts
should be redundant in order to avoid system failures.
(b) Information as one important pillar of creating disaster resilience should be promoted
to enable efficient intervention planning and civil protection.

DISCUSSION AND CONCLUSION

In natural hazards research, risk is defined as a functional relationship of (1) the probability of
occurrence of a hazardous process, and (2) the assessment of the related extent of damage,
defined by the damage potential and the vulnerability according to the intensity of the hazard
process. Following this definition comprehensive mitigation concepts have to be elaborated in
a structured manner aiming to fulfil the requirements of effectiveness and efficiency. In order
to tailor the practical steps to this theoretical framework, and therefore achieve the optimal
protection level against hazard processes, the planning process has to follow distinct
guidelines that allow for a consistent management process. Thereby, the necessities of
efficient risk reduction have to meet other requirements that are commensurate, such as the
ecological sustainability of the mitigation concept, the technical reliability if structural
mitigation is implemented, the functionality of the concept itself even under uncertain and
changing process behaviour on the system loading side, as well as an adapted maintenance
strategy. The method of TRIZ-TIPS, embedded in the concept of system life-cycle
engineering, has shown to provide a higher degree of risk reduction than conventional
mitigation strategies by including possible alternatives already in the early planning stages.
Based on a set of specific heuristics, a high-quality spectrum of conceptual solutions for the
safety problem recognised in the hydrological system under consideration will result.

In particular concerning the European Flood Risk Directive, but also with respect to the
overall aim of building hazard-resilient communities, future studies should include the
applicability of TRIZ-TIPS within flood risk management plans. Since such plans are of
certain relevance in order to deal pro-actively and from an ex-ante perspective with flooding
hazards including torrent processes, the applicability in the framework of flood risk
management plans is obvious. A particular focus should be placed on the combination
between participative effects such as Formative Scenario Analyses (Mazzorana et al. 2009)
and conventional modelling approaches in order to better achieve the overall aim of managing
natural hazard risk in a sustainable manner.
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