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Abstract. Snow avalanches are a threat to many kinds of el-1  Introduction

ements (human beings, communication axes, structures, etc.)

in mountain regions. For risk evaluation, the vulnerability as- The increasing urban development in mountainous areas
sessment of civil engineering structures such as buildings anfneans that issues associated with rockfalls, landslides and
dwellings exposed to avalanches still needs to be improvedavalanches need to be addresséthaim et al, 2010.

This paper presents an approach to determine the fragiliy?rospective human casualties and physical civil engineering
curves associated with reinforced concrete (RC) structure§tructures damages are of concern for snow avalanche risk
loaded by typical avalanche pressures and provides quantmanagement. Depending on the external loading applied to
tative results for different geometrical configurations. First, the structure, that is to say the natural hazard considered
several mechanical limit states of the RC wall are defined us{rockfall, landslide, earthquake, etc.), the physical vulnera-
ing classical engineering approaches (Eurocode 2), and theility of civil engineering structures is usually assessed dif-
pressure of structure collapse is calculated from the usuaierently depending on the nature of the failure modes in-
yield line theory. Next, the fragility curve is evaluated as Volved. If arelevant failure criterion is defined that represents
a function of avalanche loading using a Monte Carlo ap-the overall damage level of the structure, the potential failure
proach, and sensitivity studies (Sobol indices) are conducte®f the system can be assessed and even its failure probability
to estimate the respective weight of the RC wall model in-if the calculations are performed within a stochastic frame-
puts. Finally, fragility curves and relevant indicators such awork.

their mean and fragility range are proposed for the differ- Avalanche risk mapping is often carried out by combin-
ent structure boundary conditions analyzed. The influence ofng probabilistic avalanche hazard quantification (exgy-

the input distributions on the fragility curves is investigated. lock, 2005 Eckert et al, 2010 and vulnerability (determin-
This shows the wider fragility range and/or the slight shift in istic framework) or fragility (probabilistic framework) re-
the median that has to be considered when a possible sligh@tions to assess individual risk for peoplrifalds et al,
change in mean/standard deviation/inter-variable correlatio?004 and buildings Cappabianca et a008. For instance,

and/or the non-Gaussian nature of the input distributions ighe Bayesian frameworlEckert et al. 2009 2008 Pasanisi
accounted for. et al, 2012 makes it possible to take into account uncertain-

ties in the statistical modeling assumptions and data avail-
ability. On the other hand, a better definition of vulnerability
or fragility relations remains a challenge for the improve-
ment of the integrated framework of avalanche risk assess-
ment Eckert et al.2012).

Published by Copernicus Publications on behalf of the European Geosciences Union.



690 P. Favier et al.: A physical vulnerability of RC walls loaded by snow avalanches

A review of vulnerability approaches for alpine hazards
(Papathoma-Kohle et al2010 mentioned various studies y v
conducted to derive vulnerability relations. Several defini-
tions have been proposed. One point of view is to define the
vulnerability of a structure by its economic cost and not its matrix
physical damageHuchs et a].2007), which necessitates an
expression for the recovery codflgvrouli and Coromings 4
2010. Another point of view suggests that human survival ¢ I, Rt
probability inside a building is commonly related to the vul- @ ® @

nerability of the building itself by empirical relationddnas- Fig. 1. Dwelling house impacted by a snow avalanche: loading ap-

son et al. 1999 Barbolini et al, 2004. For instanceWil-  pjied onto the structur¢a); RC wall geometry and orthogonally
helm (1999 introduced thresholds to build vulnerability re- distributed reinforcemertb—c).

lations for five different construction types impacted by snow
avalanches, anieylock and Barbolin{2001) proposed re-
lating the vulnerability of buildings with their position in 5 Methods
the avalanche path. More recentBertrand et al.(2010

suggested using a deterministic numerical simulation to as- )
sess the structural failure susceptibility of reinforced con- 10 Protect people against snow avalanches, French legal haz-
crete (RC) structures. ard zoning defines three regions, which correspond to sev-

To describe the failure probability of civil engineer- eral levels of danger. The white zone corresponds to the ge-

ing structures exposed to snow avalanches and thus deriy@draphic zone where the consequences of an avalanche in
fragility curves, reliability approaches can be considered.!e"ms of structural damage have been estimated negligible.
For instance, in earthquake engineeriggjiigwood, 2001 Hence, no specific recommendations related to the ability

Li and Ellingwood 2007 Lagaros 2008 or for RC struc- of the structure to resist to an avalanche are needed. In the
tures subjected to blasi loadingav and Hag 2003), the red zone, the avalanche return period has been estimated less
latter technique is often used. In hydraulic risk research,than 100yr and thus no construction is allowed. In the last

some studies focus on assessing dam safety using reliabifone (Plue zone), civil engineering structures, such as build-
ity methods Peyras et al2012. Direct simulations (such as N9S OF houses, can be built only within certain restrictions.

Monte Carlo methods) give robust results but can be timeFor the wall facing the avalanche, no opening is allowed and

consuming. As an alternative, simulation-based or surfacd"® wall has to resist at least a pressure of 30kPa. Several
approximation methods are used to avoid the direct calcu!®chnologies are available. As mentioned®yry and Per-
lation of the failure probabilityl(emaire 2009, but conver-  fettini (2004, the most common are wooden, masonry, RC
gence of the algorithm can be cumbersome. or mixed structures. RC technology appears to provide the

In the snow avalanche context, vulnerability relations areP€St value for money. Moreover, RC is usually the most fre-
often derived from back-analyzed in situ data, which are 0f_quently encoun'gered material for such structures and in par-
ten very scarce. These relations give the fraction of destroyedcular for dwelling houses. The most vulnerable part of a
buildings as a function of the avalanche loading. A reliability Structure built in an avalanche path is the wall facing the
assessment of vulnerability relations (fragility curve deriva- floW (Fig. 1). Thus, the damage of the entire structure can
tion) is therefore a useful complementary tool for examin- be assessed from the wall's resistance capacity. Indegd, the
ing the interaction between the avalanche and the structurd&€Ssure applied by the avalanche flow on the structure is bal-
at different scales (avalanche path, urban area, individuafnced aimost solely by the wall facing the avalanche. Thus,
house, etc.). This paper attempts to improve risk evaluation@S @ first approximation, the damage of the entire structure
by proposing an innovative way to derive refined fragility 'S reduced to the damage of the sFructuraI elements directly
curves that can be used in snow avalanche engineering. ~ €XPosed to the load, i.e., a flat vertical RC wall.

As RC is the most usual material used to build structures
exposed to potential avalanche loadings, herein we focus od-1 RC wall description
this technology. First of all, the RC structure is described.
Secondly, the mechanical model of the RC wall and the snowFirst, the features of the wall considered are presented (ge-
avalanche loading description are exposed. Then, the damagsmetry, mechanical properties of reinforced concrete, bound-
level definitions opted for in the structure limit state descrip- ary conditions). Then, the out-of-plane mechanical response
tion are presented. The next part deals with statistical distri-of an RC wall is described. The nature of the damage and the
butions of the inputs of the deterministic mechanical model.different damage stages the structure undergoes are presented
Finally, fragility curves are derived and their sensitivity to as a function of the loading magnitude. From the physical
input parameters, modeling assumptions and failure criteriorvulnerability assessment point of view, relevant performance
are discussed. functions dedicated to quantifying the damage level of the

Avalanche Flow
/ h
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RC wall can be proposed. Finally, the wall loading due to a load

snow avalanche is presented and discussed. a, e & collapse
2.1.1 RC wall features yielding of the steel
The RC wall is composed of concrete and steel bars. The bar: stabilized cracking pattern
are distributed homogeneously along the horizontal and ver-

tical directions in the region of the wall where tensile stresses // tensile crack growth
can develop (Figlb—c). The number of steel bars is cal- .

culated from the steel densitpd) needed to ensure the re- elastic phase

sistance of the RC wall. The usual sizes of dwelling houses oo A
situated in mountainous regions have been considered. De- deformation

pending on the construction solution chosen, the RC wallrjg 2. Typical mechanical response of RC members subjected to a

boundary conditions can vary from one dwelling to another. pushover test (monotonic loading until the collapse of the system),
The modeling of such various technologies of constructionderived from Favre et al.199Q p. 343).

is considered in the boundary conditions of the wall. Three

kinds of boundary conditions are usually encountered. Each

edge of the wall can be considered either simply supporte®.1.2 Limit state definitions

or clamped or free (e.g., can move without any constraint).

From a mechanical point of view, concrete strength differs The structural failure is assumed to be due to excessive bend-
from compressive to tensile regimes. The characteristic coming of the wall. The RC wall collapses under a bending fail-
pressive strengthf{g) is generally 10 times greater than the ure mode. The first damage level is defined as when the RC
tensile strength ). The compressive strength allowable for wall is no longer elastic. See for instance the European stan-
calculation is defined ag, by the Eurocode 2qommittee ~ dard dedicated to the design of RC members: the Eurocode
2004, as a function of the loading time parameter, i.e., the2 provides mechanical design recommendations for several
creep consideratio, and the safety facton, described be-  types of loadings. In this paper, the mechanical states used to

low: describe the damage level of the structure are inspired from
the Eurocode 2. The second and third damage levels are de-
foc = %_ (1) fined from Eurocode 2Mosley et al, 2007, where typical
Ovb safety coefficients are proposed. Finally, the collapse of the

RC wall is modeled by yield line theory¢hansenil962. It
allows for calculating the ultimate pressure that the structure
S i ) . can support before collapse. The first three stages are defined
permanent strain inside steel; secondly, the ultimate ter]S”*?rom the local mechanical balance of the cross section where

strain k) highlights the ability of steel to undergo more or . : : :
less substantial yield strain before failure. The RC behaviorthe highest bending moment arises, whereas stage 4 consid-

is a combination of the two materials. Figu2edepicts the ers the whole failure pattern of the wall.
typical evolution of an RC member subjected to a monotonicElastic limit state
loading. Four stages can be identified. The first stage repre-

sents the elastic response of the RC wall. The second stagfhe first crack in the concrete defines the upper limit of stage
corresponds to crack appearance and growth in the tensilg geyond the first stage upper limit, the RC wall is no longer
zone of concrete. Once the crack distribution is fully devel- g|astic. This limit is defined as when the tensile stress inside

oped (beginning of stage 3), the opening of the cracks continghe concrete is reached.

ues. For higher loading and for low reinforced concrete, the

capacity of the RC wall is only controlled by the resistance Ultimate limit state (ULS)

of the steel bars. When a steel bar starts to undergo plastic

strain, it is the beginning of the fourth stage. The end of theThis mechanical state is defined in the Eurocode 2 regula-

stage 4 corresponds to the collapse of the RC wall, whereion and concerns the safety of people inside buildings and

strains are concentrated through yield lines that can be dethat of the building itself. In this paper, the Eurocode 2 ter-

scribed as macro-cracks. At the scale of the RC member, thiminology is used, but it can be a bit confusing. Indeed, the

last stage ends when a typical fracture line pattern develops/LS does not correspond to the “real” ultimate resistance of

over the entire RC structure. This failure mechanism induceghe RC wall, which is here assessed by the yield line theory

the structure’s loss of equilibrium, leading to its collapse.  (see Sect2.1.2. From the Eurocode 2, the ULS is related
to potential loadings that can arise during the “normal” life
of the RC wall. The loadings are either permanent or transi-
tory but not exceptional. Thus, the safety factors associated

Steel’s behavior exhibits two typical limits. First, the yield
strength () exceeding corresponds to the development of

www.nat-hazards-earth-syst-sci.net/14/689/2014/ Nat. Hazards Earth Syst. Sci., 14, 6B%4; 2014
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Table 1. Safety coefficients on steel and concrete strength for ULS ~ An open question concerning the physical vulnerability as-
and ALS calculationsGommittee 2004). sessment of civil engineering structures is whether the prob-
lem should be considered with a dynamical approach or a
ULS safety coefficient ~ ALS safety coefficient quasi-static approach. Various studi@a(don et al.2013
Steel ve=115 ve=1 have considered that the dynamic effect has to be_ Faken into
Concrete =15 v =115 account, whereas others have obtained vulnerability results
assuming quasi-static approachBsitrand et al.2010. In
addition, in some cases (powder avalanches for instance)
to the ULS loading are calculated based on “normal” life of nega}tive Pressures can arise during the Ioadin'g and thus can
modify the failure mode of the structure considered. How-

the structure. Under bending, the ultimate limit state is ob- read ted. the t ; lanch ol
tained when either the concrete reaches its ultimate compref—ver’ as atready suggested, the type ol avalanche controls

sive strain or the steel its ultimate tensile strain. the type of Ioad_mg (qug5|-stat|c or dynamp), and here the
avalanche type is considered as dense, which cannot gener-

Accidental limit state (ALS) ate negative pressures.

To determine whether a dynamic or a quasi-static approach
When dimensioning, the ALS differs from the ULS only in has to be considered, a modal analysis has to be performed
the loading description. Loadings are assumed exceptionalo compare avalanche loading and structural natural periods.
(i.e., accidental) and not usual or “normal” as for the ULS. In this paper, it is assumed that the duration of the accidental
The probability of occurrence of such loadings is often low loadings is not creating dynamical effects. Thus, the pres-
and explains why the safety factors are lower than in the ULSsure of the avalanche is supposed to be quasi-static, as pro-
case and thus the margin to support the loading is lower (Taposed byBertrand et al(2010. Moreover, a uniform pres-
ble 1). Using ALS as a structural limit state the structure sure distribution is applied to the wall even if vertical vari-
could reach consists in applying a different multiplicative ations are observed@roudi et al. 2011). The pressure is
safety coefficients on the strength of the two materials com-uniformly distributed on the entire facing wall, alongand

paring to those applied in the ULS approach. y axes. Due to the quasi-static assumption, the response of
the RC wall is calculated considering the maximal pressure
Collapse reached over time. The time variation is not considered be-

) ) ) _ cause only the peak pressure for a quasi-static approach is
Finally, the collapse of the structure is characterized by itsrejevant. The assumption of uniform pressure distribution is
failure pattern. Under bending, yield lines develop throughconservative, since the maximum is applied over the entire

the RC member, leading to the structure’s collapse. In orertical, whereas in reality it decreases with the vertical co-
der to obtain the ultimate load, the yield line theory is used,grdinate.

which is based on limit analysis theory (see for instance
Nielsen and Hoan@01]). In the literature, some theoretical 2 > pMechanical approaches
and experimental studies have been compared. These studies

proposed collapse failure patterns as a function of boundary-jgre 3 depicts the transitions between each damage level
conditions Gawczuk and Jaeget963. Favre et al(1990  (g|as: elastic limit; ULS: ultimate limit state; ALS: acciden-
provide theoretical solutions for RC slabs under various ge+g| jimit state; YLT: yield line theory). For each point, a load-
ometrical configurations. ing pressureqgias qULS, gALS. gvLT) can be calculated. For
the first three cases, the load is obtained from the mechanical
balance of the cross section, which is subjected to the max-
Different types of avalanche flows can be observed in theImal bending m'ome_nt inside the RC wall (Fig). For the
Alps, inducing various loadings on the impacted structures.con"’lpse load, yield line theory is used.

Spatial and temporal changes in snow avalanche loadings i ,

were experimentally observed and measured. For instancé-2-1 RC wall design under bending

small-scale experiments were conducted to reproduce the ) _

granular behavior of snow and study its interaction with ob- 5€nding moment expression

stacles Faug et al.2010. Moreover, real-scale experiments o

have been conducted to measure the pressure magnitudgg*Q’t' the loss of RC elasticity is related to crack appearance

reached by dense avalanche floWhipert et al, 2008 and when the tensile strength of_concrete is exceed_ed. At this
powder avalanchespvilla et al, 2008. stage, the steel contribution in the overall behavior can be

ignored. The bending moment can thus be expressed as

2.1.3 Snow avalanche loading

filoh?
—

@)

MEgjas=
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whereys = 1.15 for ULS. Finally, the ULS and ALS) =
Our e ®  collapse 1.0) bending moments are expressed as

LS / yielding of the steel MULS — MAB , (5)
Oais ’
,,,,,,,,,,,,,,,,,,,,,,, y
qULS /h stabilized cracking pattern MALS = AsZ 7 . (6)
S

q YLT

’ / tensile crack growth Boundary conditions
Elas
| ; . . .
e elastic phase When the RC wall is subjected to a uniform pressure, the spa-
i tial distribution of bending moments depends on the bound-
d ary conditions of each wall edge. Many combinations can

be considered (free edge, clamped edge or simply supported
Fig. 3. Transitions between each damage level (Elas: elastic ”mit;edge).Bares(1969 proposed a useful abacus that gives the
ULS: ultimate limit state; ALS: accidental limit state; YLT: yield maximal bending moments developed in elastic rectangular
line theory). . . .
plates for numerous configurations of boundary conditions.
In this paper, the derivation of vulnerability relations is

The second (third) damage limit is attained when the bend_carried out within a reliability framework. Thus, to calculate
ing moment defined by the ULS (ALS) is reached. In this the failure probability of the RC wall, many runs are needed.
case, the following assumptions are made: By using the abacus to assess the RC wall’s resistance ca-

pacity, the computational time to perform a single run is very

— Sections remain planar during loading. low, which makes it possible to use robust but computation-
. ally intensive reliability methods such as Monte Carlo sim-
— No slip can occur between concrete and steel. ulations. Ten boundary conditions were implemented (1 to

10, cf. Table2). A linear spline is fitted to extrapolate coeffi-
cients from available coefficientg{ andg,) provided by the
— Concrete’s tensile strength is ignorefi £ 0). abacus. Knowing the limit bending moment for each damage
stage, the corresponding pressure is deduced for each direc-
— The ultimate compressive strain of the concret@)(  tion x andy:
and the ultimate tensile strain of the stegkj are lim-

ited to 35 %o and 10 %o, respectively. = M e
=_—>,
As functions of the ULS and the ALS, concrete and steel ﬂ;j"

strengths change with the safety coefficiemsadndys). Asa 47 = ) 8)

— The strain is linear along the thickness.

consequence, the corresponding maximal bending moments 5}'13
also change. Figure depicts assumed behaviors of the con-
crete and the steel.

The RC wall design consists in attaining the maximum 2.2.2 RC wall collapse (yield line theory)
strengths in concrete and in the steel at the same time. The _ _ _ _
compressive strength of concrefig (Eq. 1) is estimated: no The ultimate resistance of RC slabs under ur_wlformly d!s—
creep effect is taken into accourst£ 0.85), and the safety tributed pressure can be derived from the classical yield line
coefficienty, = 1.15. According to assumptions previously theory Johansen1962. This theory provides the collapse
made, the Eurocode 2 supplies the coefficiems = 0.186. mechanism of the RC wall. Under an external loading, cracks
Thus, knowing the effective depth of the RC cross seafion will develop to form a pattern of “yield lines” until a mecha-
the corresponding moment per linear meter developed in th&ism is formed. A yield line corresponds to a nearly straight

section can be calculated: line along which a plastic hinge has developed. To perform
the yield line theory algorithm, the bending moment along
Mpg = puagd? foc. (3) yield lines needs to be calculated. The bending moment per

unit length along those lines remained constant and equal to
Next, by knowing the lever arm = 0.94, the amount of  the moment calculated in Ec)( Indeed, as we are consider-
steel (i.e., the percentage of steel inside concrete if normaling a uniform and equal reinforcement along the horizontal
ized by the section area) needs to ensure that the balance ahd vertical directions, the steadiness is verified. Then the
the bending moment is equal to energy balance between external and internal forces is calcu-
lated. According to the assumed yield line pattern, each adja-
(4) cent plate can rotate. The plates rotate around axes defined by
the edges of the slab and the yield lines. During the rotation,

_ Mps

= 7
ZVs

As
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v

[ First Crack Moment ] [ ULS Moment,  y, =115 ] [ ALS Moment, 7 :1]

& o & 3,5%0 o £ 0, o
[ X ’ 8 ’
ft

C C

10% f7 109 fe
00 7. %o /75 |

v
[ ABACUS (Bares, 1969) ]

[ quas:f(vavaMslas)] [qULszf(\I:lly’MULS)] [QALs:f(IxrlvaALs)]

Fig. 4. Flowchart to calculate loading pressure related to each moment based on damage levels (Elas/ULS/ALS): first levels include geometry,
mechanical characteristics and moment calculation; then, by inverting the Bares &m@ss1069, the corresponding loads are deduced.

ALS and YIT The ultimate load is calculated from the equality between
calculation diagram the external energyWexi) and the internal energynt). In
order to find the most likely collapse pattern, the kinematic
theorem is used. It consists in determining the failure pattern
minimizing the collapse load. Thus, the following equations
are derived:

{ Wint =Yty M},.0;.L;
Wext=q [ 8(x, y)dxdy

wheren is the number of yield lines,(x, y) is the displace-
ment field of the slab anglis the uniform load applied on the
085/, slab. Various failure patterns were considered as functions of
T oo the boundary conditions (Fi@). For each boundary condi-
tion, two failure patterns are mainly observed (Fgcol. 2

and 3). Each pattern depends on an angler o, calculated

2 €, =35 £,.10° in order to minimize the energy.

Q

(a)

ULS calculation

el

(=}
ISTRN
m
s
[
_
=)
~
—
S
2

9)

(b) T

Fig. 5. Strain—stress calculation diagrams of the steel: perfect2.3 Reliability framework

elasto-plastic grey diagram for the ALS and YLT calculations, black

dotted line for the ULS calculation diagram where the steel yield The structure’s safety cannot be assessed from a determin-

strength is modified by the safety coefficigg(a), and strain—stress  jstic point of view because several properties of the system

calculation diagram of the concre(te). are uncertain. Thus, the study is performed in a reliability
framework.

energy is dissipated inside the material by yielding. The dis-2.3.1  Failure probability definition

sipated energy is calculated #0; L;, whereM,, is the plas-

tic moment of the yield line considerédd; the magnitude  The failure probabilityPs is defined as the probability for the
of the angle of rotation, andl; the length of the yield line. resistance of the structureto be less than or equal to an

Nat. Hazards Earth Syst. Sci., 14, 689704, 2014 www.nat-hazards-earth-syst-sci.net/14/689/2014/
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Table 2. Maximum bending moment coefficient8y, 8y) for a rectangular plate subjected to an uniform load. The Poisson'srati0.15
and% =0.5.

Boundary conditions B By

(1) four simply supported edges .0991 Q0079
(2) simply supported on the two large edges .0835 00088
clamped on the two small edges

(3) simply supported on one large edge .0%50 00045
clamped on the three other edges

(4) one free large edge —vx By 0.0268
clamped on the three other edges

(5) one free large edge —vxpBy 0.0575
simply supported on the three other edges

(6) clamped on one small edge .0008 00084
simply supported on the three other edges

(7) simply supported side by side .0B70 Q0040
clamped on the two other edges

(8) four clamped edges .05 00024
(9) one free large edge/one clamped large edge —vxpy 0.0288

simply supported on the two small edges

(10) one free large edge/one simply supported large edge» x 8,  0.0361
clamped on the two small edges

event size: 2.3.2 Sobol’s index

; Sobol’s index provides the contribution of inputs to model
Pr=Plr=s]= / fR(r)dr. (10)  outputs. It consists in quantifying the contribution of each
—o0 input variable to the entire system’s variability. It is based
on a variance sensitivity analysiSdbol 2001). Saltelli et al.
(2010 provide different numerical estimates and a compari-
son between their efficiency. For independent input variables,

To solve Eqg. 10), the probability density function of the re-
sistancefr(r) needs to be known. The Monte Carlo algo-

rithm is used to generate data samples. It is robust but e o o
time-consuming method. By randomly generatiNgvari- Lobol's first-order sensitivity coefficient is equal to the to-

ables from the input probability distributions, mechanical @l effect indexSr;. Considering!” as the model output and
tion of the response can be approximated by the Monte Carlo Ve (Ex_ (Y|X1)

integral: ﬁ,c. The central limit theorem provides @ — «) S; = ML At Skl e 124
asymptotic confidence interval reflecting a significance level V()

of a:
po(1— P V. (Ex; (Y[X~))
Mlﬂ)f py =1 LB TX0), (13)

ﬁf (l—Zl_a/Z \/ﬁ V(Y)

- - whereV is the variance and more particulaffy, is the vari-
S l3f (1+Zl_a/2,/Pf(l— Pf)) ’ (11) ance of the argument taken o\&r, Vx, (Ex_, (Y|X;)) is the
VN

expected reduction in variance that would be obtainexj; if
wherezy_y /2 is thea quantile of the normal distribution.

: (12)

could be fixed.

www.nat-hazards-earth-syst-sci.net/14/689/2014/ Nat. Hazards Earth Syst. Sci., 14, 6B%4; 2014
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Boundary Conditions Possible Collapse Schemes

(1) 4 simply supported edges N~ T

al a2

(2) simply supported on the 2 large edges
and clamped on the 2 small edges

(3) simply supported on one large edge
and clamped on the 3 other edges

— Clamped (4) one free large edge / clamped on the 3
other edges

CER
e

—— SImply (5) one free large edge / simply supported
supported on the 3 other edges

<o
=Z

(6) clamped on one small edge / simply
supported on the 3 other edges

(7) simply supported side by side /
clamped on the 2 other edges

(8) 4 clamped edges

(i

(9) one free large edge / one clamped large
edge / simply supported on the 2
small edges

(10) one free large edge / one simply
supported large edge / clamped on the 2 y “

small edges

B R ¢

p

Fig. 6. Failure patterns according to several boundary conditions when considering yield line theory.

According toSaltelli et al.(2010, Janser{1999 provides  Table 3. Distribution parameters of material inputs.
the most efficient estimator of EqL) through the approxi-

mation Variable Mean Standard deviation
~ 1 Y , I (m) 8.0 0.4
Sti = 5 (S (M) = FAR) )2, (14) Iy (m) 40 02
j=1 h (m) 0.2 0.01

_ . fe2g (MPa) 3.0 15
whereY = f (X1, X2, ..., Xp), A andB are anN x k matrix f, (MPa) 500x 1 25 1P

of input factors and\}) is a matrix where column comes i (MPa) 2 01
from matrixB and all othek — 1 columns from matriA.

2.4 Vulnerability assessment ) . . .
(2001 provided several references identifying distributions

Statistical distributions of inputs need to be defined. Here,for material inputs involved in a reinforced concrete slab
six input variables were chosen and their distributions wereProblem.Mirza and MacGregof1979 assumed normal dis-
determinedl,, Iy, h, fcos fy and f;. Different sets of dis- tributions to model the variability/uncertainty regarding the
tributions are used: a set of normal independent distribuSizes of slabs. After in situ experiments, a coefficient of vari-
tions, a more realistic distribution provided by theint Com-  ation of Q05 is suggested and the designed value is adopted
mittee on Structural Safetf2001) (JCSS) and intermedi- @s the mean distribution value. To carry out a first statistical
ate cases. Thus, building cumulative distribution functions ofdescription of the proposed model, a coefficient of variation
mechanical capacity load outputs allows for fragility curves Of 0.05 is assumed for all the inputs considered, leading to

to be assessed. the means and standard deviations provided in Table
2.4.1 Statistical description of inputs JCSS distributions
Normal distributions As reported by the JCSS, correlations between input vari-

ables can be taken into account. Steel’s yield strength is still
First, to analyze the effect of each variable separately, andependent and follows a normal distribution. On the other
normal distribution describes each variabdlew and Hao  hand, the tensile strengthfi] and the compressive strength
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Table 4. Table presenting the marginal distributions of independentTable 5. Table presenting the marginal lognormal distributions used
material inputs for the JCSS distribution case. Other inputs are comfor the tensile strength and the compressive strength of concrete,

puted according to Eqsl9), (16) and (L7) of Sect.2.4.1

Variable Mean Standard deviation
Iy (m) 8.0 04

Iy (m) 40 02

h (M) 0.2 0.01

fy (MPa) 560x 10° 30x 1CP

of the concrete fy¢) distributions are deduced from the ba-

sic concrete compression strengtfiog) distributions. For
a ready-mixed concrete type with @25 concrete grade,
based on the given parameters, the valuesiof, s,n are

m = 3.65,v=23.0,5s =0.12 andn = 10, andt, is a random
variable from a Student distribution fordegrees of freedom:

Feza = eXPim + tys (1 + %)"5). (15)

Then, f; and fpc are calculated with., Y1 and,Y». A is a

factor taking into account the systematic variation of in situ

as well as the steel yield strength. Means and standard deviations
are the same as in TabB The parameterg y ando N are the
resulting parameters of the lognormal distributions.

Variable Mean Standard puin  oLN
deviation

ft (MPa) 2 01 069 005

feog (MPa) 30 15 340 005

fy (MPa)  500x10° 25x10° 2003 005

Table 6. Marginal JCSS-based lognormal distributions used for the
tensile strength and the compressive strength of concrete, as well as
the steel yield strength.

Variable Mean Standard upN OLN
deviation

ft (MPa) 238 076 082 031

fc2g (MPa) 389 6.11 365 016

fy (MPa)  560x10° 30x10° 2014 0053

compressive strength and the strength from standard tests. _ lognormal distribution for the tensile strength and

Finally, (Y;);=1.2 are lognormal variables representing addi-

the compressive strength of concrete, and the steel

tional variations due to special placing, curing, and hardening yield strength. According to the Tabé standard de-

of the concrete. In our case, is considered equal t%%:

foc = ae flogh, (16)
2/3

fi =032, (17)

viations are multiplied by 2 to emphasize lognormal
distributions asymmetry.

— A normal joint distributions for all the variables with
variance—covariance matrix deduced from the JCSS
distributions and the means from Tal3le

— A normal joint distribution for the six parametets

For all parameters, the marginal mean and standard deviation ly, h, fe2s fy and f; using mean and standard devia-

were set according to the JCSS recommendation (T4ble

Difference with the previous case (TatBgconcerns f;2g)
for which they are higher in this case.

Intermediate distributions

tion from Table3 and correlation coefficients (covari-
ance) of the JCSS case. The main correlation is the re-
lation betweenf:zg and fi: o (fc2s, ft) = 0.31; others

are lower than 0:01, i.e., close to independence.

— A normal joint distribution for the six parametets

To bridge the gap between the realistic JCSS distributions Iy, h, fcos, fy and f; using mean, standard deviation
case and the normal independent choice, seven intermediate  and correlation coefficients (covariance) of the JCSS

distributions were considered, differing from each other in

terms of distribution type and/or covariance matrix:

— A lognormal distribution for three multiplicative vari-

case.

— Uncorrelated JCSS distributions: to assess the effect of
correlation on the JCSS case, each modeled variable

ables: the tensile strength and the compressive strength was selected independently to break down dependen-
of concrete, and the steel yield strength with parame- cies.

ters of Tableb. Means and standard deviations are the

same as for the normal case.

2.4.2 Fragility curves derivation

— A lognormal distribution for the tensile strength and A fragility curve F(x) is a monotonic curve providing a fail-
the compressive strength of concrete, and the steelire probability as a function of the magnitude of a loading,

yield strength with parameters of TalBeMeans and

here a pressure applied, hence the cumulative distribution

standard deviations are the same as for the JCSS caséunction F(x) of the failure probability for the load. The

www.nat-hazards-earth-syst-sci.net/14/689/2014/
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(@) (b) 1
800 : 1 : ‘ @
700¢ =
0.8} o
600} ' —uLs
ALS
5007 0.6 % —Elas
_ = YLT
I = 1
£ 400 T (b)
300l 0.4f R
*0.5
200 *
0.2r
100 ol /
0 0 ‘ ‘ 10 10" x (kPa)
40 60 80 40 50 60 70 _ N _ 3
X (kPa) x (kPa) Fig. 8. Fragility curves according to boundary conditions sorted by

) ) failure criterion:(a) linear frame andb) semi-log frame.
Fig. 7. Output histogram of the ULS case for a rectangular wall

with one free edge and three clamped edges with normal indepen-

dent inputg(a), and the cumulative distribution function associated ,r/es are scaled from the ULS curves by the safety factor
(0). 1.15. This is easily explained by the definition itself of the
ALS failure criterion.

usual way to compute fragility curves is to set a pressure and Another point of view can be taken by plotting the same
y P Agiiity cu Slosetap data according to the description of their boundary conditions
vary the inputs from their statistical distributions. Thus, for

each pressure a failure probability is obtained to build the(Flg' 9). Sets of fragility curves can be deduced. The four

o : . . “weakest structures present free edges. Rectangular walls with
fragility curve. In this paper, the approach is somewhat orig-

. . i : : one free edge are sorted from the weakest by their bound-
inal because failure probabilities are derived from an inverse

resolution. First, the structure capacity of resistance is found’?1ry conditions as below: (1) one free edge and three sup-
then, by abacus inversion, a load distribution is assessed. FPorted edges; (2) one supported edge, two clamped edges

nally, the cumulative distribution function of the latter dis- 322 ?;(E'eilje:r;é?)z f)nsncelzafrp eiegsdgi{;gi;rﬁpggﬁj (chijgzz ags
tribution makes it possible to link a failure probability to a ' 9 P g

ressure. As an example, Figdepicts an output histogram (*exception for the YLT limit state where 3 and 4 are ex-
P ure. xample, Flgdepl 1 output histog dphanged). Then the second set of curves gathers the rectan-
of the ULS case for a rectangular wall with one free edge an

X . . ular wall with supported edges ((5) four supported edges,
three clamped edges with normal independent inputs and th )
fragility curve associated through its cumulative distribution ) one clamped edge and three supported ones, (7) two sup

ported edges and two clamped ones, (8) two supported edges

function. and two clamped edges side by side, and (9) one supported
edge and three clamped ones). Finally, the less vulnerable
3 Results rectangular wall has four clamped edges.
Equation (8) provides thep quantile of each vulnerability
3.1 Fragility curves with uncorrelated normally curve.
distributed inputs F(x) =PrX <x) = p. (18)
3.1.1 Overview of all configurations The previous equation allows considering a more quantita-

i . tive approach. Tablésums up the 50 % quantiles and similar
Using 10000 runs per curve, smooth fragility curves are ob-c,qjsjons as described above are set up. The fragility range
tained. Figure Q(?plcts fragility curves according to e>_<plored. is defined as an interval: the lower bound is th8% quan-
boundary conditions. They are sorted by the four failure cri- ;o and the upper bound is the 86 quantile of the fragility

teria. Two visual groups are formed. First, all the curves rep-¢, e which could be considered as very useful quantitative
resenting the elastic limit state are gathered at low Pressurg,asholds for engineering applications.

loads. By considering the minimum5% quantile and their

maximum 975 % quantile, their fraglllty range i.8,27.2) 3.1.2 An examp|e: one free edge and three

(kPa). They do not interfere with fragility curves of the clamped edges

other failure criteria. On the other hand, the ULS, ALS and

YLT fragility curves are defined on a range from.2RPa  To investigate Monte Carlo confidence interval quantifica-
to 218.6 kPa. It is interesting to note that the ALS fragility tion, a focus on a particular case was required. The selected
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Table 7. The 50 % quantile of the CDF fragility curves according to boundary conditions and failure criteriof®.88d, 97.5 %) quantile

defining a fragility range (kPa).

Boundary conditions Elas ULS ALS YLT
(1) four simply supported edges .48 602 693 97.0
(6.5,10.9) (52.3,69.1) (60.2,79.5) (85.5,1095)
(2) simply supported on the two large edges .010 716 824 1210
clamped on the two small edges (7.7,13.0 (59.4,87.6) (68.3,1007) (1048,1391)
(3) simply supported on one large edge .25 1086 1249 1585
clamped on the three other edges (11.6,19.7) (950,1242) (1093,1428) (1388,1802)
(4) one free large edge g 56.0 644 805
clamped on the three other edges (6.0,10.3) (49.9,63.7) (57.4,73.2) (66.6,96.7)
(5) one free large edge .8 260 299 381
simply supported on the three other edges (2.8,4.7) (22.7,29.6) (26.1,34.1) (30.9,46.7)
(6) clamped on one small edge .29 658 757 1095
simply supported on the three other edges (71,119 (56.0,77.6) (64.4,89.2) (95.6,124.7)
(7) simply supported side by side B 1047 1204 1455
clamped on the two other edges (112,192) (931,1176) (1071,1353) (1283,1644)
(8) four clamped edges 20 1479 1700 1940
(15.6,275) (1333,1634) (1533,187.9) (1711,2192)
(9) one free large edge / one clamped large edge 2 7 519 597 559
simply supported on the two small edges (5.3,10.3) (43.2,58.9) (53.2,67.8) (47.2,65.8)
(10) one free large edge / one simply supported large edge .8 5 414 476 609
clamped on the two small edges (4.4,7.5) (335,50.8) (385,585) (48.9,74.1)

@ py— cal results provided.
= 2 camped ,
Zosfl| 75&52; 3.2 Parametric study
ol ‘ *%uegpm This section is devoted to the analysis of total Sobol in-
0 ) (kPa) 200 250| 3 campes dices. As each of the input variables is independent, their
ot T T T 7] | Stmporea sum is equal to 1. Sensitivity pie charts of outputs accord-
/ / // /// // S by, ing to the input distribution can be plotted (Fifyl). Four
= / / / r I / / / 4 clamped input parameters influence the fragility assessment based on
w0 / /| || etepiiee the elastic failure criterionf;, Iy, [, andi. The variable: is
/ / H // / ) lsupp./2clamped . . b y ’ . .
/ / | w /] ~liee the predominant variable affecting the elastic-based failure
0 LLLL. 2 L)) L probability. The ULS and ALS have the same sensitivity pie
10 100 x (kPa) 10

Fig. 9. Fragility curves according to boundary conditions sorted by

intervals near the curve, giving confidence in all the numeri-

charts. Three input parameters are involved in the variability

of ULS- and ALS-based failure probabilitigs; /, and fcos.

fc28 seems to be the variable influenced the most by these
outputs. This indicates which variables should be considered
with the greatest care while designing a structure in practice,
depending on the chosen failure criterion.

boundary conditionga) linear frame andgb) semi-log frame.

case is the rectangular wall with one free edge and thre®.3 Sensitivity to input distributions choice

clamped edges (Fid.0). The four limit state fragility curves

can be distinguished together with Monte Carlo confidenceFragility curves are highly dependent on the input dis-
intervals. As mechanical runs are not time-consuming, theributions used. Outcomes were obtained from the two
number of callsV can be high enough to make numerical un- first distributions previously described (Fi$j2). As a gen-
certainty negligible. Thus 10 000 runs induce thin confidenceeral overview, more elaborated distributions induce greater
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Table 8. Quantiles of fragility curves illustrated in Fig3.

Approach 0259 Osown Q975% Q975%Q25%

Deterministic 5% 0

JCSS 40 624 86.8 419
JCSS independent 5 626 868 416
Normal independent 5P 56.3 64.3 141
Correlated normal 56 56.3 64.0 136
Normal, correlation and variance from JCSS case .733 566 794 457
Lognormal, mean and variance from normal case 351 562 636 123
Normal, correlation, variance and mean from JCSS case .8 42 633 845 417
Lognormal, mean and variance from JCSS case 245 624 86.2 410
Lognormal, mean and variance4) from JCSS case 2 60.3 1146 826

12 simpler approaches (normal or lognormal inputs) can be used
in practice, at least as first approximations.
Smme———ssssnonon The 50 % quantile depends nearly only on the means of the
i three material parameter, fcog and f;. Indeed, the 50 %
[ i quantile remains fully constant te 56 kPa regardless of the
/ covariance matrix for Gaussian inputs with, fcog and f
centered on their nominal values 500, 30 and 2 MPa,
respectively. Switching to the JCSS leads to a higher 50%
T Elastic quantile~ 62 kPa independent of the correlation structure. In
—ULSs - . . .
ALS addition, the 50 % quantile remains nearly unchanged with
LT independent lognormally distributed inputs with the same
--.95% confidence interval mean even if these, by definition, introduce non-symmetry
___;g;egfr:’f‘i‘;:nceimerval into the problem. This asymmetry effect is, however, visible
lower bound when the standard deviation is multiplied by 2. By the way,
‘ : : ‘ ‘ the fragility range is logically also increased (TaB)e
0% 20 40 60 80 100 120 140 All in all, the fragility range and fragility curves shape
changes mainly according to the marginal variances, much

Fig. 10. Vulnerability curves and their 95 % confidence intervals higher in the different JCSS cases, with covariance between

from Monte Carlo simulations of a slab with one free edge and threeth€ different inputs and marginal distribution types having
clamped edges. less influence.

0.6

0.4r

0.2

spread in fragility curves. Their fragility ranges have a higher4 Conclusions

amplitude than the range ‘?'e“‘,’ed from independent r‘Orm"’dl'he proposed approach can be considered as a comprehen-
approaches. One explanation is that taking into account COrg; e framework providing fragility curves for RC walls ex-
relations makes certain “extreme” combinations of iNputs ,,seq tg 4 snow avalanche pressure load. It could be consid-
more likely than in the independent case. Another explanag, ¢ yith benefits for other sorts of problems and in particu-
tion lies in the number of variables considered: the more nuy, ¢4 gther types of civil engineering structures (structures

merous they are, the more uncert.e}lntles are taken 'm(_), aGyith different materials, structures built using another tech-
count, and also the larger the fragility range of the fragility nology, etc.) or natural hazards

curvesis. - ) In detail, the influence of the boundary conditions and of
To ascertain and detail this conclusion, Fi§focuses on 4 gtqchastic input distributions were systematically inves-
the ULS example for the same boundary conditions. It ap-jgateq so as to provide robust fragility curves for various
pears clearly that, frqm the de.tlermm!syc p0|_nt of view (@ building types. Their most useful application may be individ-
S'mP'e 0-1 response if the fragility limit is attg_lned oris not 5 rigk assessment, including sensitivity analyses, for which
attained) to the JCSS-based approach, fragility curves havg,e main concern is to evaluate the survival probability as a

wider fragility ranges. Quantiles at9%, 50% and 95%  f,ction of space for a hypothetical individual within differ-
support these results (Tal8g Note, however, that the more ent building types.

complex case (i.e., the JCSS case), despite its wider spread,
shows higher (and thus “safer”) modal values, and therefore
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Fig. 11. Sensitivity pie charts for the elastic, ULS (ALS) and YLT failure criteria.
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@ 1f - ] The deterministic simulations were carried out through

. simplified and effective mechanical models in terms of CPU

2050 — Elastic time. This allowed using the Monte Carlo method, which
—us gave robust results for the failure probability assessment.

0 L Probabilistic input distributions are provided by the litera-
0 150 = ture, but no statistical inference has been performed. Future
~inenval pper bound work should therefore take real data into consideration and
- 5% confidence a Bayesian approach could then be appropriate to update

renationerbouns the information conveyed by numerical simulatioEsKert
/ etal, 2009.
ok (L : : Finally, it should be noted that more sophisticated mechan-
0 50 100 150 200 ical models for civil engineering structures exist, based on

x (kPa) the finite-element (FE) method, which can simulate the struc-

Fig. 12. Comparison of fragility curves from different input distri- ture '_n greater detail and in p‘f"rt'CUIa.r des?r'be how the_da_m'
butions of a slab with one free edge and three clamped e¢ajes: age field evolves when material nonlinearities develop inside
normal independent distributiond) JCSS distribution. the concrete and the steel reinforcement. However, these FE
models are often more complex (i.e., in term of convergence)
and time-consuming. Hence, they may be less well adapted

1r 777 peteminisie to a generic individual risk base approach, but more useful
- - - JCSS independent for studies deriving refined fragility curves for specific struc-
0.8’ ] Normal independent H H H H H H
e tures included in precise engineering projects.
_ 0.6 — Vanance om 105 case
\>_</ _ _ _LogNormal, mean and variance
Y04 ] :.ZTmnaTT;Z::: - AcknowledgementsThe authors thank the ANR research program
T and mean from JCSS case MOPERA (Modélisation probabiliste pour I'Etude du Risque
0.2t o JC8S e T AN d’Avalanche — avalanches.irstea.fr/mopera-projet/) and the MAP3
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Appendix A

Table A1. Nomenclature.

Ps density of steel

Iy length of the slab

ly height of the slab

h thickness of the slab

feos cylinder characteristic compressive strength of concrete (age, 28 days)
Jfoc compressive strength of concrete

ft tensile strength of concrete

Jy steel yield strength

€uk ultimate tensile strain of the steel

Vb, Vs safety coefficients on concrete and steel strength

quULS, 9ALS: gElas 9YLT  Characteristic loading at the ultimate limit state, at the accidental limit state, at the first cracks of the concrete
in the tensile zone and at the collapse

€be ultimate compressive strain of the concrete
0 loading time parameter

Map rational dimensioning moment

LAB ULS rational dimensioning coefficient
d effective depth of the RC cross section
z lever arm in the section

By, Bx Bares coefficient

v Poisson coefficient

Wint internal virtual work

Wext external virtual work

nL number of yield lines

M} unitary plastic moment along ttiéh line
L; length of theith line

0; rotation angle of théth element

8(x,y) displacement matrix

q uniform load

a1, a2 angles of YLT patterns

Pt failure probability

r resistance of the structure

s solicitation

[ significance level of confidence interval
fr(r) probability density function of the resistance
S; first-order Sobol sensitivity coefficient
STi total Sobol sensitivity coefficient

oc coefficient from the JCSS distribution
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