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Abstract

The design of efficient hydrological risk mitigatiostrategies and their subsequent
implementation relies on a careful vulnerabilityabsis of the elements exposed. Recently,
extensive research efforts were undertaken to dpvahd refine empirical relationships
linking the structural vulnerability of buildinge the impact forces of the hazard processes.
These empirical vulnerability functions allow estitimg the expected direct losses as a result
of the hazard scenario based on spatially expkgtesentation of the process patterns and the
elements at risk classified into defined typolobategories. However, due to the underlying
empiricism of such vulnerability functions, the gigs of the damage generating mechanisms
for a well-defined element at risk with its peculgeometry and structural characteristics
remain unveiled, and, as such, the applicabilitthefempirical approach for planning hazard-
proof residential buildings is limited. Therefomee propose a conceptual assessment scheme
to close this gap. This assessment scheme encogspdissnct analytical steps: modelling (a)
the process intensity, (b) the impact on the elénagrrisk exposed and (c) the physical
response of the building envelope. Furthermoresehesults provide the input data for the
subsequent damage evaluation and economic damdggtion. This dynamic assessment
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supports all relevant planning activities with resfpto a minimisation of losses, and can be

implemented in the operational risk assessmengepige.

1 Introduction

In European mountain regions, losses due to mauhtaards are still considerable high even
if there is an ongoing debate on the overall irgirepor decreasing trend (Fuchs, 2009; Gall
et al., 2009). The concept of risk had been intceduin order to manage the resulting
challenges, with respect to temporal and spatiabdycs of social (de Vries, 2007, Cutter

and Finch, 2008) and engineering dimensions (Kienko al., 2004; Fuchs et al., 2013).

Despite a relatively long tradition of the applioatof the risk concept in the European Alps
(Kienholz et al., 2004), there still is a partiaugmp in the assessment of vulnerability (Fuchs
et al., 2012a).

Scholars with various scientific backgrounds hawkfi@rent understanding on the definition
of vulnerability (Fuchs, 2009; Hufschmidt, 2011)oct&l scientists often focus on the
characteristics of people or communities in terrhgheir capacity to anticipate, cope with,
resist, and recover from the impact of a hazards(éfi, 2004). In contrast, engineers and
natural scientists define vulnerability as the @egof loss to an element at risk as a result of
the impact of a hazard with a given frequency araymitude (Fell et al., 2008), regularly
assessed based on empirical data or modelled szen&s a consequence, there is neither a
common definition for vulnerability nor a standaell methodology for an integrative
vulnerability assessment available (Fuchs et @Q72 Papathoma-Kéhle et al., 2011), the
only available concepts remain fragmentary withpees to a practical implementation
(Birkmann et al., 2013). However, the different dimsions of vulnerability such as physical
(structural), social, economic, or institutional Inerability, although maybe differently
defined, are connected to each other. Structurghgsical vulnerability is hereby seen as a
prerequisite or starting point, resulting in phgéidoss and may influence the other
dimensions of vulnerability (Fuchs, 2009; Papathdfihle et al., 2011; Kappes et al.,
2012a, b).

Recently, the physical vulnerability of buildingsp®sed to torrent processes has been studied
comprehensively in different mountain regions ofrdpe facing both the aim to compute
vulnerability functions for use in operational rigksessment (Fuchs et al., 2007; Papathoma-
Kohle et al., 2012; Totschnig and Fuchs, 2013) antinplement local structural mitigation
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measures (Holub and Fuchs, 2008; Holub et al., 26{&vkesbury-Nepean Floodplain
Management Steering Committee, 2006). Despite tlbéfeets, considerable research gaps
still remain open: while the first studies combiregdpirical loss data with information on one
process parameter (deposition height) resultingamage-loss functions, the latter studies
were solely focused from a practical perspectivéhereduction of structural vulnerability of
individual buildings. Quan Luna et al. (2011) addedurther step: Based on intensity
information derived by numerical modelling backdgmag the Selvetta debris flow event,
they presented vulnerability curves for the follogrindependent variables: flow height [m],

kinematic viscosity [m?/s] and impact pressure [kPa

The empirical vulnerability functions allow for astimation of expected direct losses as a
result of considered hazard scenarios which aredoas a spatially explicit representation of
process patterns and elements at risk categon#eddefined typological classes. However,
due to the underlying empiricism of such vulnerngpifunctions the transferability to other
building types is limited (Papathoma-Kdhle et &Q11). The physics of the damage
generating mechanisms remains unveiled and restticé applicability of the empirical
approach for planning hazard-adapted buildingsfatt, as outlined by Fuchs (2009) and
confirmed by Totschnig and Fuchs (2013), the amalyd empirical data from torrent
processes has shown that the vulnerability of mgkl affected by medium hazard intensities
(e.g. 1.00-1.50 m deposition height for torrentgesses) critically depends on the patterns of
material intrusion through openings such as domedls and windows. This points out that in
addition to the intensity of the physical impactiahe structural response of the considered
element at risk also the geometry characterizirgitidividual building has to be carefully
considered in vulnerability analyses (Totschniglet2011; Jakob et al., 2012; Jakob, 2013).

Moreover, previous studies have shown that spa@dierns in vulnerability of buildings
exposed to torrent processes exist (Fuchs et @l2t) which cannot be satisfactorily
explained only by the spatial and temporal proclysamics on the torrential fans. Therefore,
a deeper insight into the mechanisms causing lossescessary as a basis of any subsequent
engineering design of feasible and economicallyiciefit risk mitigation strategies
(Mazzorana et al., 2012a; Mazzorana and Fuchs,;2@&@zorana et al., 2012b). Since in
Alpine regions — due to an increasing scarcenefisnaing available — public investments for
natural hazard risk mitigation may decrease sigaifily, envisaged solutions must be

convincing, both from a technical and economic weint (Fuchs, 2013), and also be
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sustainable from an ecological perspective. Thigdhalso for mainly private capital
investments in terms of local structural protectstrategies aiming at reducing the physical
vulnerability of endangered buildings (Holub anccks, 2009; Holub et al., 2012; Mazzorana
et al., 2012b).

From a purely theoretical perspective rigorous aggines to vulnerability computations for
structures can be derived from physical and nurakaoalyses of the fluid-structure-soil
interaction with free surface flows. With respéztfluid-structure coupling, Walhorn et al.
(2005) presented a monolithic model for fluid-stuwe interaction problems involving free
surface using a space-time finite element disagtin. They implemented a strong coupling
algorithm and a time adaptable space-time finiéeneint formulation to enforce conservation
of momentum and mechanical energy at the fluidesting interface. Moreover, they obtained
through a refined level set method an enhanceditrgof the fluid-solid interface. However,
reliable results have been provided so far onlysionple geometrical configurations (e.g.
single flexure elements impacted by a fluid flompdahe geomechanical processes have been
neglected. Similar arguments hold for challenge®linng the coupling between fluid flow
and soil mechanics. Although front-end solutions particular case studies have been
obtained, so far there is a particular gap for gspecific domain of mountain hazard risk

management.

Therefore, we propose to treat the complex flurdestire-soil interaction by decoupling it

considering the following distinct analytical steps

(a) For a comprehensive physically based conceptimierability evaluation a very detailed
representation of the impacting hazard processcessary both with respect to space and

time.

(b) To quantify the resulting impacts on the builglienvelope and to detect possible liquid
and solid material intrusion pathways, the georoeftristructure of buildings has to be
analysed with respect to the time-varying flow dief the impacting process and, if geo-
mechanical actions may interfere, with respecth® rtesidual bearing capacity of the soil

layers the construction is situated.

(c) Once quantified the time-varying impact spectythe physical response (i.e. resistance)
of the building structure has to be evaluated, fgairom a structural analysis perspective
(statics, elastostatics and dynamics) and fromilibg physics viewpoint. The analytical

step (c) should result in a comparison of the s&®gsand strains on structural elements
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focusing on admissible values providing the shenint effects for their structural integrity.
Moreover, the physical processes taking place ahthrough the building envelope which
may exhibit long-lasting consequences (e.g. mdtémtausion and moisture transfer and
accumulation, wetting and drying of the outer ander layers of the building) should be
described. The basic product of this analytic siephe damage susceptibility profile
containing the results of a set of ultimate linméts, serviceability limit state, durability limit
state and no material intrusion verifications. tRermore, these results provide the input data

for the subsequent damage evaluation and econamage valuation.

Subsequently, based upon the derived responsderms of a damage susceptibility profile
of the considered building structure — in a damageounting step scenarios reflecting the
post-impact status of the considered residentiddlimg (including the consequences in terms
of damage for the electrical, heating and hydrasy&tem as well as other values) have to be
considered. For potential damage analysis Mazzoa Fuchs (2010) developed a
structured procedure to elicit and integrate expeawledge. Papathoma-Kdhle et al. (2012)
provides an approach for economic damage estimatdnGallerani et al. (2011) discuss the
most probable reinstatement value to restore théufuwctionalities of the original building. In

Figure 1 the steps of a physically based assesgnacedure are shown in a workflow.

Following the workflow presented in Figure 1 oumtdbution in this paper is directed at
unveiling the sequences of significant loss gemaramechanisms, both methodologically
and computationally. We will derive simplified contptional schemes to perform structural
analyses for specific impact spectrums (e.g. ndxgiggeo-mechanical actions) and check
whether potential material intrusion into the eleinat risk might take place. Finally we will

discuss the added value of the presented methddalagpproach for the planning of both

functionally and economically efficient local sttual measures as a complement to
conventional mitigation strategies. By evaluatifge tpotential damages, the scope of
application of vulnerability assessments is expdnigeyond its classical role as a decision-
support tool and is closely linked to the coreha planning process.
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2 Method

2.1 Overview

In this section we address in detail the first ¢hséeps of the necessary five analytic steps to

accurately assess the physical vulnerability ofiiét environment, namely:

(a) Process Modelling, which leads to a spatiakglieit and time-varying quantification of

the process related primitive variables expresggigtensities;

(b) Impact Modelling, which leads to the time-vawyirepresentation of the actions and

effects the building structure is subjected to;

(c) Structural and Physical Response Modelling,cWwigonsists in a verification of a well-
defined set of limit states (i.e. ultimate, seraig#ity limit states) as well as the verificatioh o

non-intrusion conditions for the liquid and solidpess volumes.

The remaining two steps, damage modelling and tdmmamic loss valuation, have been

extensively covered e.g. in Mazzorana et al. (20£2B013).

A prerequisite for the above listed methodologistdps is to define for each considered
element at risk a suitable control volume and carer@ control sections where the process
intensities and magnitudes have to be traduced defined loading configurations (i.e.
actions). Hence, we define a control volume of mumin extent of parallelepiped form

entirely containing the considered element at (@skmpare Figure 2).

To account for geomechanics, it is necessary tmelefdditional control sections extending
beyond the previously defined control volume. Tikidone by encompassing the building and
the entire elevation profile and extending it te 8tream cross sections subjected to relevant
incision processes (compare Figure 2). Taking allgoordinate systenx ,y ,Z for the
considered element at risk, = 1,...,P control sectionsA, are identified by the vertical planes
of the parallelepiped control volume. The contextt®ons containing the elevation profiles for

geo-mechanical analysis are variably oriented e@rplanes symbolized by, , (where the

intersection between and the base area of the building is a nonemp}y se
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2.2 Process modelling

2.2.1 Fluid flow process

Relevant fluid flow processes in this context dmods, fluvial sediment transport, debris
floods and debris flows (Pierson and Costa, 198yrsaker, 1988). Moreover, large wood
(LW) is increasingly recognized as one of the nm@ioblem for risk assessment in Alpine
streams (Mazzorana et al., 2011), mostly becaugbeot. W potential to: (1) trigger more
severe flood inundations due to dam-break surgesstoeam of temporary wood dams (Mao
and Comiti, 2010); (2) clog bridges and narrow isest (Diehl, 1997; Comiti et al., 2008); (3)

increase the destructive power of debris flowsiKeslva, 1990).

As outlined by Armanini et al. (2009) debris flowan be interpreted as rapid massive
sediment motions that occur in relatively small astdep catchments. Large amounts of
sediment can become unstable in particular geonotwpgital situations and under extreme
meteorological conditions (intense rainfalls) alwhfby gravity as a dense mixture of water

and sediments (Iverson, 1997).

Mathematically, debris flows can be described as$wa-phase fluid composed by an
interstitial liquid (water) and by granular mat{gediments) that constitutes the solid phase
and has proper rheological properties (Rosattil.et2@13, Pitman and Le, 2005). In the
particular, accurate computational modelling apphhea have been recently proposed either
in a 1D or in a 2D setting (e.g. Rosatti and Fremt@ 2006; Rosatti et al., 2013),
considering the very relevant case of flows of waediments-mixture without cohesive
properties and, hence, with negligible fractionslaly and silt. Whereas plastic stresses may
play a significant role due to significant fracteoaof clay and silt additional research efforts
are still needed to computationally implement thestradvanced rheological findings.

2D modelling approaches are required for proceggesentation accurate in space and time
for allowing a technically sound and physically édsulnerability assessment of endangered
buildings. Prior to this analytic step, a detail@@cess routing along the stream network
where the sediment volumes are mobilized and aldrigh the water and sediment fluxes are
transferred is necessary (Hubl et al., 2003). Watspect to the preliminary process routing
step, a comprehensive methodology has recently ppegrosed by Mazzorana et al. (2012a).
Endowed with reliable process scenarios in termd$ath liquid and solid discharges at
critical nodes (e.g. apexes of alluvial fans), sabdsequent step consists in representing the



© 00 N O O o W N P

[EEN
o

11
12
13
14
15
16

17
18
19
20
21
22
23

24

25

26

27
28
29
30

process propagation in space and time in thoses avbare the assets at risk are located.
Regarding the debris flow simulation process in ¢éhelangered area, the two-dimensional
simulation model over mobile bed — TRENT 2D — depeld by Armanini et al. (2009) and
substantially enhanced by Rosatti et al. (2013)deesn applied. In this model the system of
partial differential equations derived from the miasd momentum conservation principles is
hyperbolic and characterized by a non-conservatnature. The details about the
mathematical model and the associated finite-voluelicit Godunov-type numerical
approach are documented in Rosatti et al. (2018plydng this approach for each cell of the
computational domain and for each time step vafoeghe transposed vector of primitive

physical variable$y , can be extracted by:

As previously statedv =(h,. uv.z ) is the transposed vector of primitive physical ahles,
where h,. is the flow depth,u,v are the depth-averaged velocitiesnand y direction
respectively, and, =h, +h, is the elevation of the mobile bed, which consiétthe thickness
of the pre-existing soil layemh, above a datum and the thickness of the depihsit
Rigorously, the thickness of the pre-existing dayler can diminish if erosion of the soil

stratum takes place.

Since the subsequent analytic step is the quaatitic of the impacts on the endangered
building under consideration, first the valuesla# primitive variables for the computational
cells have to be calculated for each cell alongath®ve defined control sections for each time

step within the event duration, namew;\p(tk), with k =1,... K whereK is the total number

of considered time steps. Second, the evolutidh@bed elevation profileZ = (zbyl,...,sz)T
in the vertical planeg\ , , which identify the cross sections for geo-techhanalysis, (where

the subscript =1,...,R identifies the computational cells along have to be computed.

2.2.2 Geomechanical process

The 2D soil-structure models for eaéh, might be represented differently depending on the

chosen geomechanical analysis approach. In moreplesincases of slope stability

computations the slip circle method with its sli&sed discretization is commonly used,
whereas in more complex cases modern stability ctatipn techniques are based on a finite
element analysis with peculiar finite element desization approaches (Plaxis Manual, 2011).

8
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2.3 Impact modelling

2.3.1 Preliminary considerations

According to Figure 1 and following the digressions the previous subsection we
characterize the impact from a fluid dynamics pectipe, from a building physics point of
view and from a geomechanical perspective. Conegrithhe impacts deriving from fluid
dynamic actions we first set the analytic focusletermining the loads on the envelope of the
building and in a second stage, if material intvasiis relevant, additional loading

configurations have to be considered.

As a preliminary step the structural and geomdtrtssalizations have to be defined:

(a) For the purposes of structural analysis thesickened building can be idealized in a variety
of ways depending on the necessary level of saphigin required to represent its structural
and physical characteristics. As a general proegdsauitable for different degrees of
complexity, we suggest the application of matrixttmoels and finite element methods, each
one endowed with particular discretization appreade.g. Steinke, 2012).

(b) For the purposes of material intrusion analgsid for building physics considerations we
ideally approach the envelope of the building iocklvise sense along a coordinatsvith
0<l <L, traced along the perimeter of the base areaedbtiiding, as shown in Figure 3. The

openings are enumerated progressively witth=1,...,H and their geometry is tracked with
the functionsU (1) andD(l), identifying their upper and lower cord betwegnand R along
the coordinatd , respectively. The maximum elevation of the enpelof the building along

| is given byE(l).

2.3.2 Fluid flow impacts relevant for structural an d physical response analysis

The main aim is the representation of the direaticcand dynamic loadings (actions) exerted
by the debris flow impact on the building’s envedom terms of pressure distributions
(pressures in [N/m?]). Considering a vertical wiatipacted by a debris flow it has to be
determined whether the debris flow surge approatheselement at risk as confined or

unconfined flow, and distinct impact mechanismsehi@vbe considered.
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In case of an unconfined flow behaviour which cancbnsidered as an external flow with
respect to the element at risk, the assumed dynaregsure exerted on the wall is (Holub et
al., 2012):

1
Q. :E[Cf LDy [ (1)

where C, is the drag coefficient which depends on the shafpide obstacle and the flow
characteristics of the debris flow mixturg,, is the density of the debris flow mixture and

is the depth-averaged velocity component orthogtintile projected area of the obstacle on a
plane normal to the flow direction. In case of attnconfined flow situations which typically
occur if incised flow paths develop on the debdeeand the element at risk is located along
such a flow path, Holub et al. (2012) suggest towing expression to account for the

dynamic pressure:
q, = Py ° (2)

Regarding the special case of totally confined debww impacts on a vertical wall, we refer
to the debris flow impact theory of Armanini et @€011). Whereas the latter impact case is
typical for check dams impacted by almost canaldsutis flows, it is rather the exception on
alluvial fans where debris flows propagate and diépéience, acknowledging that further
experimental evidence is needed to refine the ddlav impact assessments for the former

flow cases, we adopt expressions (1) or (2) tosssbee dynamic debris flow impact pressure.

We assume that the pressure distribution on thdihgienvelope is caused by the impact of a
debris flow front, accounting for both dynamic astdtic components, symbolized with DFS
and DFD, passing over saturated strata of debois fleposits (e.g. aggradations formed
during the event duration preceding the main suagel) the soil layer and which exert both

earth and hydrostatic pressure on the buildinglepee(E1, E2 and W, compare Figure 4).

Taking the process model results as a basis, walednce for each control sectioy the

structure of the pressure distribution for each potational time step, as follows:

Indicating with h,., h,, hy the flow depth of the front, the overall thicknedshe deposits

DF
and of the soil stratum above the building basen®rdl, and adopting the notations,, ,
Poro+ Porst Pso » Pss» and p,, to identify the total debris flow pressure, thenstant value

of the dynamic debris flow pressure, the statiarideflow pressure, the deposit earth pressure

10
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at n=h,+h, (in consideration of the weight of the overflowirsgrge), the soil earth
pressure atn =0 and the hydrostatic pressure at=0 (building basement level), the

pressure distributiorp(#7) can be formalized as follows:

Pss = Pso P
~Ps Bsogpap - W g for 0OSn<h.+h
B pSS hS+hD pW hS+hD +hDF ,7 S D
Porr — hDFS m;+—hDFS [fh, +h,) for hy+h, <p<hg+h, +h,,

. 1 » 1 2
with Poro =§|:Cf ljgdf ¥ ’ Pors = Py @ EmDF' Porr = Pus @ EmDF +§[Cf @df [ '

pS'D' =J/DF [H]DF |:|]<ah|:)’ pSS: pS'D' +(yS _yW)l:GhD +hS)|:|KahD ' and RN =yW [th +hS+hDF)'

In Eq. (3), K, is the active earth pressure coefficients of theodition stratum (including
the pre-existing soil layer)g is the acceleration of gravityy, and y, are the density and

the specific weight of the debris flow, is the local velocity of the debris flow evaluated
normal and inwardly oriented direction with respéctthe perimeter of the considered
building.

For the computation of the area of the openinggestdd to material intrusion we evaluate

for each computational time poingt with reference to the definition sketch shown iguFe

3:

Diff (1.t )=H (.t )-D,() if D,()<H(.t)=u,(); Diff(.t)=u()-D,(0) if H(t)>U,() and

Diff (1.t,)=0 if H(I.t,)<D,(1), whereH(I,t,)=hy (1.t )+z,(l.t,).

The wetted area of the considered opening therefore:
0,(t,)= [, Diff (1., a (4)

The total area available for potential materiafusion is given by the sum of the wetted parts

of all openingsh=1..H :

TO, (tk) = Zoh(tk) (®)

h=1

To evaluate the area of wetted envelope of thedimgl we proceed analogously, by

computing first:

11
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DIFF(I,t,)=H(.t.) if H(t)<E(), whereE() is the maximum elevation of the envelope at

and DIFF (.t )=E(l) if H(t)>E().

The wetted area of the building envelope is theesfo

WE(tk)=UOLDIFF(I ,tk)dl}—TOH t.) (6)

2.3.3 Geomechanical impacts relevant for structural response analysis

Depending on the results of the analysis of thergeohanical processes (compare subsection
2.2.2) the associated impacts relevant for strattuesponse analysis are modelled by

assuming a lowered bearing capacity of the soipsttphg the building.

2.4 Structural and physical response analysis

The set of norms EN 1990 (Eurocode 0: Basis ofc8iral Design), EN 1991 (Eurocode 1:
Actions on Structures) and the specific design soH& 1992 to EN 1999 inspired our
concept of structural response analysis and thesipdly response analysis concept is

analogously set up.

In particular EN 1990 is based on the limit stateaept used in conjunction with the partial
safety factor method. In this context limit state® intended as states beyond which the
structure no longer fulfils relevant design crigerifwo different types of limit states are
considered, namely ultimate limit state and seabdéy limit state (compare Gulvanessian,
2009). As stated in EN 1990 it has to be verifigased on the application of load models and
structural models, that no limit state is exceedbdn the design values for actions, material
properties and geometrical data are used. Hettbda)ltimate limit states — ULS — and (b) the
serviceability limit states — SLS — are brieflystrated in their essential aspects.

(a) Ultimate Limit States — ULS: The exceedingltdge limit states may result in a structural
collapse or other forms of structural failures. flaee related to the safety of people and/or
the safety of the structure. In this context EN @9%escribes the following set of

verifications:

12



© 00 N O 0o A W N P

[EEN
o

11
12
13

14

15

16
17

18

19
20

21
22
23

24
25
26
27

28
29
30

e ECU: Loss of static equilibrium of the entire stwe or of specific parts, all
considered as rigid bodies. In this case smallat®r of the value and the spatial
distribution of the considered action type (e.cadlaveight of the structural parts) are
relevant, whereas the strength of construction nadgeor the building ground are of
no influence;

 STR: Failure or excessive deformation of the stmgctor its parts including the
foundation, piles. Here the bearing capacity aedstrength of materials are relevant;

* GEO: Failure or excessive deformation of the baddground, whereas the bearing
capacity of the soil (or rock) is decisive;

« FAT: Failure of the structure as a consequencatajuie.

All the above reported verifications consist incemparison between the design values for the
effects of the actions on the building of interast the design values for the corresponding

resistances, namely:

+ ECU: E, <R, (7)
where E, is the design value of the effects of the destabd actions,R,, is the design
value of the effects of the stabilizing actions,

» STRorGEOE, <R, (8)

where E, is the design value of the effects of actions d&)dis the design value of the

corresponding resistances.

This verification approach is based on the pafaator method which incorporates a semi-
probabilistic safety concept (compare Feix and \Weitk2012 for details); a representation is
provided in Figure 5.

The ultimate limit states have to be verified fartular design situations representing the
sets of physical conditions reflecting the realditans occurring during the construction and
use of the structure. The reference design sitndto natural hazard impact is that of an

accidental situation.

(b) Serviceability Limit States — SLS: These limtates correspond to situation if defined
conditions are no longer met and specified semeggirements for a structure or a structural

element are needed (compare Gulvanessian et &4).20he design situations to be

13
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considered in this case are structural functiorthef entire building or of a portion, the
comfort of people and the appearance of the byldiho assess these limit states the
following criteria can be adopted: limitation ofrath, deformations, crack widths and
oscillations. These types of assessments consistamparison between the design values of

the effect —E, — and of the upper limit of the considered senbdés design criteria -C, :
E, <C, 9)

For complex structural settings it is convenienuse the finite element method — FEM. For
specific details about modelling aspects and dlgmis employed, the reader is referred to the

well established literature (compare for exampknKiewicz et al., 2005).

(c) No material intrusion limit state — NLS: -Anglee to the design basics outlined above and
in agreement with the methodological approachefnedt in the previous subsections, we
add a supplementary limit state, the no intrusiparrfeability) limit state. This state is
defined as the requirement of that the openingsildhwot be exposed to wetting throughout

the event duration and is formalized as follows:
TO, (tk) = zoh(tk)zo 0t (10)

The limit states formalized above (compare Eqnt I0) can be used to define a damage

susceptibility profile for the considered building

The damage susceptibility profile contains the ficaiion for the relevant design situations
and for all time steps, of the ULS, the SLS and the NLS. Since the relegaof both ULS

and NLS is indisputable for the generation of diamages, these limit states are considered

in our analytic setup.

Once the damage susceptibility profile is comprshesty elaborated for the building of
interest, including also the ad hoc defined no netentrusion and no wetting damage
verification (Eqn. 10), it is necessary to infee thossible profile of damage consequences,
whose elaboration is essentially based on expdrtians elicited and structured through
appropriated scenario development techniques (campéazzorana et al.,, 2012a). The
proposed analytic setup allows for a comprehensdiescription of the damage response
behaviour of the building envelope. Since the flpwocess through the building is not
simulated, an expert based derivation of stochasent trees might be helpful to hypothesize

the full range of possible damage consequencesefconsidered building. In this case,

14



10
11
12
13
14
15
16
17
18
19

20

21

22
23
24

25
26
27

28

however, subjective probability assignments areessary. For a comprehensive treatment of
rigorous elicitation methods for subjective prolidbs we refer to Wakker (2010).
Consequently, the economic damage can be calcyRszhathoma-Kdhle et al., 2012).

The damage susceptibility profile represents tlalictarting point of the planning process
aiming at providing optimal object protection, snte final aim of the planning efforts is to

verify that the building under consideration is dvazadapted.

3 Application to a case study

In this section we present a practical applicatdrthe analytic steps outlined in Sect. 2,
taking as an example a residential building, whighocated on the debris cone of the
Grossberg torrent, Italian Alps. In the seventidéisapezoidal channel was built in the fan area
to prevent damages on houses and crops. The chamosslsection (5.6 Thwas designed for

a liquid discharge 45 ifs; additionally a large slit dam with an availabé¢ention volume of
19000 m? was built in 2009 at the fan apex to mtotee downstream village. On August 4
2012, an event occurred with a debris volume of0B3th3 and damaged seriously several
residential buildings in the debris cone area (Sgere 6). Following the analytic structure
employed in section 2 we first set up a validateacess model for this debris flow event,
than we derive the relevant impacts on the buiklieigvelope and successively we proceed by
modeling the structural and physical response.

3.1 Process modelling

With respect to the full procedure outlined in grevious sections it is admissible to restrict
the investigation to the analysis of the fluid flpnocesses since geomechanical processes can

be neglected for the specific case.

By means of two-dimensional debris flow simulatioodel over mobile bed — TRENT 2D —
(Armanini et al., 2009, Rosatti et al., 2013) threre of 04 August 2012 was reconstructed by
using the detailed event documentation data.
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3.1.1 Process analysis

A convective storm hit the Pfitsch valley on Augd$t2012; cumulated rainfall in 6.25 hours
reached 45 mm. Using the Intensity-Duration-Fregyeturve for the area provided by the
Hydraulic Engineering Department of the AutonomBusvince of Bolzano the storm can be
classified approximately as a 300-year return pemwent. The storm originated in the
western part of the Province (Passer valley) andeahon north-west direction, towards the
Upper Isarco valley where roughly 30 debris and flowmgs were triggered. Triggering

conditions have been exacerbated by abundant pgegmps, occurred during the previous
month, leading to a partial saturation of the $mital cumulated rainfall in July was 230 mm

in Vipiteno). Figure 7 shows triggering areas wrat over the steep landscape.

The watershed of the Gossbergbach is characteizes area of 10 kiranging from 1420
to 3130 m a.s.l. The steepness of the valley sidetlae availability of sediments enhanced
the process. Figures 8A and 8B display the stespoiethe channel in the proximity of the
slit dam and the tendency towards debris flow atibin, according to Cavalli and Marchi
(2006). Red dots indicate channel sections whexgaho between the contributing area and

the local slope can cause soil failure.

Hydrological and hydrodynamics modeling was undenawith the purpose of quantifying
static and dynamic loadings exerted by the debows impact on the target building and their
evolution in time. In particular, flow velocitiedof each control section), flow height and
deposit thickness for this specific event are idiest The computational 2D domain was
chosen with the purpose of focusing on the sprgadinthe debris flow along the fan, i.e.
downstream the slit dam. The rational for this whs knowledge of the total volume
deposited on the fan. The volume was measureddhrimiensive field campaigns carried out

by the Hydraulic Engineering Department few daysrahe event.

Hydrological and hydrodynamics modeling was undenawith the purpose of quantifying
static and dynamic loading impact of the debrisvflin the target building and their evolution
in space and time. In particular, for this spec#ment, flow velocities, flow heights, and
deposit thickness were computed and compared teurezhvalues. Patterns of deposits were
measured by intensive field surveys carried outheyHydraulic Engineering Department of
Bolzano few days after the event and used for maodgbration. The computational 2-D
domain was chosen with the purpose of focusindherspreading of the debris flow along the

fan, i.e. downstream the slit dam. An additionaiorzal for this choice was that the patterns
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of deposition and the total volume deposited anféimewere known. The total volume was
estimated to be 53.000 m3. Boundary conditions wgven in terms of liquid and solid

hydrograph; the liquid hydrograph was derived usingpack-analysis approach aiming at
reproducing field observations, i.e. the event dona(roughly 6 h, compare Figure 9) and the
total amount of transported sediment (i.e. flownsg@ort capacity). The liquid boundary
condition was computed using a geomorphic, sentitbiged hydrological model (Rigon et

al., 2011) which accounts for different residentds charachterizing various portions of the
watershed. The rainfall input to the model was \@&tifrom measured rainfall data. Solid
inflow boundary conditions were calculated on tresib of the srteam be gradient, the

average characteristics od the transported sedsm@rternal friction angled,,) and the

liquid hydrograph.

3.1.2 Results of process analysis

Results are displayed in Figure 10C in terms ofod#jmn thickness. Figure 10A and 10B
offer a comparison with the observed event. Comatas on the maximum local velocities
may additionally help to validate the modeling tesuAs shown in Table 1 the maximum
local velocities in the immediate surroundings bt tselected residential building are
considerably large (2 m3/s). Although depositioakiplace as the net result of the transport
process (max. 1 m), relevant amounts of solid neterere transported further as it is proved

by the large deposition lobe downstream of the icened building.

For the subsequent fluid flow impact, the processiktion output of the primitive physical

variables (i.e. debris flow depths, velocities inard y direction and thicknesses of the
deposition layer) on the four vertical control $&e$ containing the considered residential
building are relevant. We consideré&d= 3 representative time steps to mirror appropriately

the dynamics of the debris flow event (compare Fadil).

According to Figure 11 one may note that the boddside 1 is exposed to the debris flow
mainly in the initial part of the depositional evetie building side 2 is mostly exposed in the
medium time range of depositional event, and thi&dimg side 3 is exposed for the entire
event duration only in its upper part. This speqgifattern of debris flow propagation is due to

the deflection effect exerted by an agriculturaldog located further upstream.
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As an example we report in Table 1 for the timg dte=2 — t, =7200s the values of the

primitive variablesW :(hDF AVA ,hD)T, where v, is the flow velocity normal to the control

section,h

! pF

is the debris flow depth anlg, = z, is the thickness of the deposition layer.

Figure 12 depicts the map of maximum flow velosit{@®) and shows as a comparison a
detailed view (B) of the mud marks up to the secdlodr of the building envelope,

suggesting that the dynamics of the process wasctesized by high kinetic energies.

A complete process analysis should include, asnaatlin Sect. 2.2, a detailed analysis of the
geomechanical processes possible inducing a deézsdibn of the building considered. The
relevance of such influences, however, can be ocdtagly excluded in the analyzed case
study, since no erosion patterns, inducing eversligatest changes in slope stability, could
be detected throughout the event duration. Heneewill assume for this case study, also
concerning the subsequent impact modeling, the tmEmpabsence of significant

geomechanical actions.

3.2 Impact modelling

According to Sect. 2.3.2, and specifically to timalgtic expressions (3) and (4) the pressure
distribution on the building envelope has beenmeteed for the vertical planes normal to the
envelope’s walls located at each progressive coatdi(compare third column in Table 1). In
Figure 13 a specific pressure distribution for tinee stepk =2 - t_=7200s is shown as an
example, corresponding to a specific vertical plahate that in this case both the velocity of

the impacting debris flow surgev(= 021 m/s) and the thickness of the position layer

(h, +h, = 044m) are>0.

In Figure 14 the maximum impact pressures at thielihg envelope perimeter are presented

for the considered time step,=2 - t, =7200s.

Functional to the analysis of potential intrusidrsolid material in the interior volumes of the
building we quantified according to Eqgns. (5) a6}l (egarding the three selected time steps,
the exposure to wetting and the potential permigalolf the building envelope (compare
Table 2).
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3.3 Structural and physical response analysis

For the purposes of the present case study thetwtall analysis is restricted to the
verification of one specific Ultimate Limit Stateeeimed as relevant, namely STR (compare
Sect. 2.4), implying failure or excessive deformatdf the structure. As already stated, the
reference design situation for natural hazard irhpacthat of an accidental situation,
corresponding for each specific vertical plane toading spectrum similar to the example
shown in Figure 13.

With reference to the impacts of time stdp=2 - t, =7200s the resulting loading
configuration for the entire building is shown ingére 15. The distributed loading

configurations are converted into their work eqlema nodal loads, since a finite element

analysis using the software Sismicad 12.1 (Con@dte2012) is performed.

The relevant results of the Finite Element Analyisis each finite element of the building

model (compare definition sketch in Figure 16) @re shear forcesV(, andV,) shown in
Figure 17, the tensile stressds (andF,,) and shear stress componenEs; — represented
in Figure 18, and the bending momenht { and M ,,) and torque -M,, — visualized in

Figure 19.

For the computed stress resultants the buildingtre proved to be verified with respect to
the Ultimate Limit State STR. Whereas simple expesio wetting is not critical for the

considered building, the no-intrusion limit stataultl not be verified for all openings of the
building in the first floor (compare equation 10daffable 2). The resulting damage
susceptibility profile (i.e. structural stabilityput permeability to debris flow material
intrusion) captures in its essentials the weak tgoiwhich characterize the physical
vulnerability of such building typologies exposedstmilar ranges of debris flow intensities.

It has to be noted that in the debris flow caseptioeess of moisture transport to the building

walls is limited and the associated effects candggected.

4  Discussion and conclusion

The presented study extended earlier works on ¢deiation of empirical loss functions for
buildings located on Alpine torrent fans. Taking emgineering perspective, and therefore

neglecting any social implications, we presentean@thod to quantify vulnerability of
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buildings exposed to torrent processes. Startirt am overview on recent empirical studies
on vulnerability, and acknowledging the overall gapletailed studies on damage patterns,
we studied analytically the loss generation medmasi of structures exposed to hazard
process impacts (i.e. process modeling and impamdefimg) and the critical physical
responses from a structural and building physicesgeetive. The proposed procedure
coherently follows the Eurocode normative framewankd is of valuable information for the
planning of flood-prone buildings. In addition tdet existing empirical vulnerability
functions, which were deduced using an ex-postagmgtr, our conceptual and methodological
setup allows to identify triggers for damage anigdifion (e.g. potential material intrusion
through openings of the building envelope, or $tat weaknesses) and may be useful in the
ex-ante definition of risk mitigation strategies.

Understanding, identifying and quantifying vulnelidyp is an essential need for designing
and implementing effective and efficient flood risktigation strategies in general and local
protection measures in particular. The proposedad@rsusceptibility concept is a useful
entry point for the planning process. It highligttte verifications that have to be met by the

design of local protection measures.

Linking the vulnerability assessment to engineesngence supports the idea that the utility
of cost-benefit analysis goes far beyond the pelection of optimal management options out
of an available bundle of measures; instead, if lepga in earlier phases of the risk
management process such an approach may serveaakliional planning tool. Analyzing
the time-varying vulnerability of elements at riskhaving a crucial impact on the expected
consequences of flood impacts — is increasinglyimag important for a wide spectrum of
management activities within the risk governancecess. Intervention planning, for
example, which is recognized to be an effective toamitigate flood risk, is strongly based
on the quality of the analysis of both the spaial the temporal dynamics either of the flood
hazard process or of the corresponding damagingatamn elements at risk (Mazzorana et
al., 2012b).

The method proposed, however, is very data-demgratid is so far only applicable on the
local scale of individual buildings located on &t fans. Therefore, an area-wide application
of this approach to an entire region still is chatfling. Nevertheless, both the physical
foundation and the traceability and reproducibitifythe proposed vulnerability assessment
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method supports the identification of dynamics atunal hazard risk and contributes to an

improved understanding of current risk levels.

To conclude, different concepts of vulnerabilityvbadifferent roots, different scientific
objects, and therefore different informative valuésmbining contributions from empirical
studies with in-depth studies on the damage patteditt allow us to better understand the
triggers responsible for vulnerability, and willatk to a deeper understanding of mountain
hazard risk. This is a first step to increase #@s#lience of mountain communities.
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Table 1. Arrays of the valud4/ = (hDF AVA ,hD)T for each control sectioi, , with p=123.

Point 1D Control Section Prog Coord hpe[M] hp [m] Vn[m/g]
0 3 0 0.14 0.00 0.424
1 3 1 0.14 0.00 0.394
2 3 2 0.15 0.00 0.288
3 3 3 0.14 0.00 0.223
4 3 4 0.12 0.00 0.313
5 3 5 0.12 0.10 0.204
6 3 6 0.11 0.17 0.278
7 3 7 0.11 0.21 0.161
8 3 8 0.11 0.29 0.246
9 3 9 0.11 0.38 0.153
10 3 10 0.10 0.44 0.212
11 3 11 0.09 0.53 0.180
12 3 12 0.09 0.60 0.102
13 3 13 0.09 0.60 0.102
14 3 14 0.09 0.65 0.066
15 3 15 0.08 0.64 0.106
16 3 16 0.09 0.70 0.014
17 3 17 0.08 0.64 0.015
18 3 18 0.07 0.57 0.008
19 3 19 0.07 0.55 0.122
20 1 0 0.00 0.00 0.000
21 1 1 0.00 0.00 0.000
22 1 2 0.00 0.00 0.000
23 1 3 0.00 0.00 0.000
24 1 4 0.00 0.00 0.000
25 1 5 0.00 0.00 0.000
26 1 6 0.00 0.00 0.000
27 1 7 0.00 0.00 0.000
28 1 8 0.00 0.00 0.000
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29 9 0.00 0.00 0.000
30 10 0.02 0.00 0.126
31 11 0.01 0.00 0.161
32 12 0.02 0.00 0.160
33 13 0.00 0.00 0.000
34 14 0.07 0.00 0.423
35 15 0.09 0.00 0.502
36 16 0.09 0.00 0.411
37 17 0.15 0.00 0.872
38 18 0.17 0.00 1.044
39 19 0.29 0.00 1.984
40 19 0.29 0.00 1.984
41 0 0.29 0.00 1.114
42 1 0.32 0.00 0.897
43 2 0.27 0.00 0.956
44 3 0.24 0.00 1.181
45 4 0.25 0.00 0.925
46 5 0.22 0.00 0.899
47 6 0.19 0.00 0.667
48 7 0.16 0.00 0.618
49 8 0.12 0.00 0.344
50 9 0.13 0.00 0.541
51 10 0.11 0.00 0.479
52 11 0.08 0.06 0.220
53 12 0.07 0.08 0.272
54 13 0.05 0.15 0.157
55 14 0.04 0.21 0.288
56 15 0.04 0.21 0.288
57 16 0.04 0.22 0.407
58 17 0.03 0.37 0.340
59 18 0.02 0.53 0.403
60 19 0.02 0.59 0.415
61 20 0.02 0.59 0.415
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62 21 0.01 0.69 0.391
63 22 0.01 0.77 0.347
64 23 0.01 0.75 0.345
65 24 0.01 0.80 0.326
66 25 0.01 0.70 0.358
67 26 0.01 0.64 0.415
68 27 0.02 0.63 0.496
69 27 0.02 0.63 0.496
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1 Table 2. Overall exposure to wetting and potem@meability for the selected time steps.

2

Time stepk

Overall exposure to wettin

~WE(t, ) in m2 where

bOveraII
permeability —TO, (t,) — in

potential

m? where
k=11t =3600s 3.63 1.45
k=2t =7200s 10.00 4.36
k=3 -1t =10800s 7.79 3.58
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(62 I

ACTIONS

Definition of the
Control volume and
sections:

This control volume
contains the existing or
planned element at
potential risk perspective
exposed to the hazard
processes

Physical and
geometrical
representation of the
element at risk
perspective and its
loading conditions

Static, dynamic,
geotechnical and mass
transfer modeling:
Introduction of
necessary idealizations
and simplifying
assumptions:

e.g. steady vs. unsteady

analysis, elasto-static vs.

elasto-plastic behavior of
materials etc.

Functional damage
analysis:
Definition of damage
parameters (e.g. scales of
functional loss);
interpretation of the
physical parameter values
characterizing the system
response in terms of
functional loss

aluation of economic
losses and
determination of
vulnerability
calculation schemes for the
determination of the
reinstatement value of the
impacted element, mapping
functional to economic
losses, calculation schemes
to relating them to the
reinstatement value

®©® 10| @ | ® 6

MODELS

Process Model
(e.g. 2D hydrodynamic
debris flow inundation
modeling of the
relevant process
scenarios resulting
from basins hydrology
and the associated
geomorphic stream
response)

Impact Model
(e.g. Modeling of
static and dynamic
loadings, geo-
technical and building
physics actions)

Response Model:
1) Geo-technics: e.g.
Friction Circle Model or
finite element soil
mechanics model;

2) Structural mechanics:

model of critical frames
or finite element
structural model;

3) Mass transfer:
Kirscher moisture
transfer model or finite
element mass transfer
model

Model of “*damage

accounting”

Economic
valuation and
vulnerability
assessment
model

RESULTS

Spatially explicit and time-varying
representation of the hazard process
parameters:

Flow velocities (u,v)

Flow depths (h)

Elevation changes - erosion /aggradation (Az) within
the defined control volume

Spatially explicit and time-varying
representation of the impacts:
Geo-technics: construction - slope system
representation (sliding circle, subdivision of the slope
in slices, groundwater table)

Structural mechanics: static and dynamic loadings
onto the mechanical system
Building physics: wetted surfaces of the structure,
characterization of potential fluid intrusion openings
through the building envelope

Spatially explicit (and time-varying) representation

of the system response:
Geo-technics: safety factors for slope stability,
stresses and strains, modified bearing capacity of the
soil;

Structural mechanics: stresses and strains in the
structure and possible exceeding of maximum
admissible values for the existing (or chosen) building
materials and design
Mass transfer: response to wetting of the building
envelope, intruded debris flow material volumes

DAMAGE SUCEPTIBILITY PROFILES

Accounting of the resulting functional losses with
respect to the initial conditions
PROFILES OF DAMAGE CONSEQUENCES

Economic loss in absolute terms and
element’s specific vulnerability

Figure 1.Overview of the physically based vulnerability esseent procedure, analytic steps

A through E. Please note steps D and E are notcégpbhddressed in this paper, for details

refer to Mazzorana et al. (2012c).
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N

o O b~ W

Control volume for direct debris flow impacts
«

Control section for geo-mechanical failure modes
«

,"J_ ______________ Local coordinate system
. ;

Flow field of debris flow processes
»

Control sections for the element at risk

Figure 2. System of control volume and control isest adopted for representing the loading
configuration for the considered element at riske Tateral plains of the control volume
identify the control sections through which the rieldlow mass may enter or leave the

control volume.
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Number of the
1® @ ——
h=1,2,3,4; H=4

Total Height H(i)
Deposition Height
[m] + Flow depth

[m]

L] 1 H

Total Height H [m]: Deposition

Height [m] + Flow depth [m]
% Facades of the building

Figure 3. Definition sketch for the determinationpotential material intrusion and building

physics consequences.
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C.v.

Deb_rls flow front
IN motion

3 Figure 4. Qualitative scheme of the debris flowgess configuration and the resulting

4  pressure distribution on the exposed portion otihiéding.
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Actions Material and product properties
Characteristic value: ¢/, Characteristic value: X,
Design value: F, =y ¢fF, Design value: X, =nX, !y,
| '
Design value of geometric data: @ Design value of geometric data: a,
v !
Effects Resistances
Design value: E, = ySdE(FdJ ,ad) Design value: R, = R(del ,ad)/ Vea

~ VERIFICATION —

E, <R,
Actions and action effects Material properties and resistance
Uncertainty in representative values: V; Model uncertainty: Vgq
Model uncertainty: Vsq Uncertainty in material properties: }/,

1
2

3  Figure 5. Verification scheme by the partial fagtwethod (after Gulvanessian et al., 2004).

35



36



o O~ WN P

oy gl o

Figure 6. Location on the debris cone and detditsuathe damage process for the selected
residential building example. A: Configuration betsettlement area and detailed location of
the example building (pre-event situation); B: d&aponal process patterns on the debris cone
and location of the example building; C and D: detaviews on the impact mechanisms and

the damage processes for the considered building.
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Phenomena
Deposition areas
—— Erosion lines
Rivers
Rivers

Figure 7. Overview of the triggering areas andrtt@n erosion and deposition phenomena.
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Computational domain

Altitude [m a.s.l]

average slope 17%

T T T T
5000 5200 5400 5600 5800 6000 6200
distance from headwater [m]

e Trigger
Slow down
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§ B — Propagation
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©
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distance from the haedwater [m]

Figure 8. A) Channel slope upstream and downstré@nmslit dam. The computational
domain is represented with a red dashed line; B)géring (red) points along the channel
profile according to Cavalli and Marchi (2006). higblue points, close to the slit dam,

represent decreasing velocity area.
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Solid, liquid and debris flow discharge - event 5.8.12

24

—— Q debris flow - Qmax= 24 m3/s

22

= - Qliquid - Qmax=17.5 m3/s

+ Qsolid - Qmax=4.2 m3/s - c= 0.18

16 18 20

14

10

Q [m3/s]
8 12
N I N Y T T YT A

1 time [hour]

2 Figure 9. Boundary condition: input liquid, solidcamixture hydrograph.
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eSS

TSI

" Maximum deposition: —
thickness [m] el
Elo-os Ty
I os-1 e ) B
[ 10-15 o .
0152 Measured deposition -
[ J20-25 thickness [m]
[Jas-3 Deposit0-0.1m
[s0-3s Deposit 0.1 m-1m

s S
B <0-45 [ Fioting
45-55
1 W

2 Figure 10. Left: Comparison between simulated am@sured deposition thickness. Right:

3  Debris flow deposition patterns.
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0.4

— gide 1 — 1=3600 s
max water depth
[m] — side 2 - = t=7200 s

= side 3 ere t=10800s

N

| . [Jooo-025
2 & [ 0.26 - 0.50

Vi [ 051-0.75
SRS I o7s-1.00
I io0i-125
[ 125 1.50
B 151

0.3
N
’

water depth [m]
0.2
|

0.1

0.0

1 progressive position along each side [m]

2 Figure 11. Water depths as a function of time bgaditions along the three impacted sides of
3 the building.
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Maximum

Velocities
[m/s]

| I o.00-
I o51-
A 0 101-
[ as1-
[Jao-
[Jas-
[Jao1-
[ 351-
/| a0t
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NI

Figure 12. A) Flow velocities and B) mud marks teag the second floor of the building

envelope.
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Figure 13. Pressure distribution on a selectedocatiplane. The discontinuity in the pressure
distribution in the upper part (layer approximatei9,44 m) results from the boundary

between debris flow material in motion and depabsitelumes.
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PRESSURE
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o= 000
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1

2  Figure 14. Representation of maximum pressure gatudl/m2 on the building envelope.
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Figure 15. Work equivalent nodal loads for theténélement structure with reference to the

3
4

=2 .t =7200s.

impacts of time stelp
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2

Figure 16. Definition sketch — stress resultantesch finite element.
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3

Figure 17. Shear force¥( andV, ).
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Da1a2kN/m

Dala1

Da-1a0
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Da-5a-4

1
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2  Figure 18. Tensile stresses ( andF,, ) and shear stress componerf;.
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2  Figure 19. Bending moment$4,,and M, ) and torque -M , .
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