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Abstract. Evaluation of the vulnerability of buildings in urban areas to flooding is a funda-
mental step in flooding risk mitigation. In this work, a new GIS-compatible computer platform
with Matlab®-based graphical user interface is presented: VISK, "Visual Vulnerability &
Risk", flooding module. This platform performs detailed (micro-scale) flood risk assessment
for building stock with more-or-less similar characteristics. The GIS compatibility allows for
graphical processing of both input and output to the program, providing an efficient visuali-
zation of flooding risk. At the core of the platform lies a comprehensive probability-based al-
gorithm for the assessment of the vulnerability of a class of buildings to flooding. This
Bayesian algorithm is based on assigning prescribed analytic uni- and bi-modal probability
distributions for characterizing the flooding structural fragility functions. This allows for effi-
cient evaluation of structural fragility based on a small number of (around 30-50) Monte Car-
lo simulations. The fragility calculations are performed on a bi-dimensional finite-element
structural model considering the openings (door and windows) constructed using open-source
software Opensees. The uncertain structural modeling parameters are characterized through,
orthophoto recognition, sample in-situ building survey, laboratory test results for material
mechanical properties and literature survey. Finally, the risk map is generated by integrating
the flooding hazard and fragility taking into account additional information on the exposure
(e.g., repair costs, population density, etc.). The results can be visualized both in a detailed
building-to-building scale (of potential interest to single house-holds) or as overall estimates
for the entire area (of interest to policy makers).
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1 INTRODUCTION

Delineation of flood prone areas and the evaluation of the vulnerability of buildings in the
urban areas to flooding are fundamental steps in taking adaptive measures for flooding risk.
This demands cross-cutting scientific and technical support from different disciplines, such as
but not limited to, climate modeling, hydraulic engineering, structural engineering, risk mod-
eling and urban policy making. In recent years, increasing attention is focused on flooding
risk assessment. In fact, several publications document and discuss the consequences of flood-
ing, such as loss of life [1], economic losses [2-4] and damage to buildings [5-8]. These re-
search efforts have many aspects in common, such as a direct link between the flooding
intensity and the incurred damage, and that they are based on real damage observed in the af-
termath of a flooding event. On the other hand, many research efforts are starting to galvanize
in the direction of proposing analytical models for flood hazard and vulnerability assessment
taking into account various sources of uncertainties. For instance, in [9] a stochastic method
for assessment of the direct impact of flood actions on buildings is proposed. A general meth-
odological approach to flood risk assessment is embedded in the HAZUS procedures for risk
assessment [10, 11]. Moreover, [12] provides a classification of flood risk assessment meth-
ods based on their degree of complexity and precision. In this context, development of tools
that allow for quantifying flooding risk efficiently and with sufficient accuracy is essential.
These methods serve as technical support to the stakeholders and policy makers, for flood risk
mitigation, emergency preparedness, response and recovery, both in short- and long-term.

In this work, a new software tool for flood risk assessment for individual buildings is pre-
sented. VISK, acronym of Visual Vulnerability and (Flooding) Risk, is a GIS-compatible
platform that performs micro-scale flood risk assessment for buildings located in homogenous
(i.e., characterized as a single class of buildings) urban areas. Figure below demonstrates the
graphical user interface for VISK.
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Figure 1: The graphical user interface for VISK.
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The main parts of the graphical user interface for VISK are: (1) the central display panel in
which the orthophoto of the case study area is demonstrated. The orthophoto can be overlaid
on the spatial polygons representing buildings' foot-prints (i.e., a GIS shape file) and the
flooding height/velocity profile for a prescribed return period; (2) the orthophoto input panel
where an orthophoto of the case-study area can be up-loaded; (3) the flood profile panel
where a lattice of nodes containing maximum flood depth and velocity pairs for each node for
a given return period can be up-loaded; (4) building shape panel where the GIS shape file of
the buildings' spatial boundary can be up-loaded; (5) a panel for miscellaneous information in
which data such as spatial delineation of administrative boundaries can be up-loaded; (6) a
panel for the acquisition of data regarding buildings' spatial foot-prints, where in lieu of shape
files, for each building, the spatial foot-print can be specified manually and processed by the
program; (6) a digital survey sheet where the results of building-specific field survey can be
specified. This digital panel is matched with a building-specific survey sheet; (7) a structural
analysis panel where a specified number of structural model realizations are generated and
analyzed based on the data provided by the digital survey sheet; (8) a fragility assessment
panel where the fragility curves for a specified limit state are derived based on the results of
the simulations performed in the structural analysis panel. This panel also envisions up-
loading of user-defined fragility curves; (9) risk map generation panel where risk maps are
plotted for various risk metrics such as the frequency of exceeding a given limit state, ex-
pected repair/replacement costs, etc; (10) a progress panel which visualizes the progress of the
program. In the following, various functionalities of VISK are discussed in detail. In order to
render the description more accessible, each section is accompanied by a numerical example.

Background: VISK is created inside the European FP7 project CLUVA: Climate change
and urban vulnerability in Africa. The original idea was to create a tool for vulnerability as-
sessment of informal settlements in Africa. The problem of vulnerability assessment for a
portfolio of "informal” and non-engineered buildings is particularly challenging due to many
aspects such as lack of complete information and poor construction details. In fact, the core
vulnerability assessment methodology created for VISK is organized in a manner so that vari-
ous sources of uncertainty can be taken into account, with particular attention to structural de-
tailing and water-tightness. Moreover, due to lack of precise survey data, the software uses
sample surveys as a basis and constructs probability distributions for the probability of ob-
serving/not observing certain structural details in a given building in a Bayesian framework.
Needless to say, VISK as a visual interface and platform for vulnerability and risk assessment
is applicable not only to the non-engineered structures in an African context but also to other
structural typologies in alternative contexts.

2 INPUT DATA

The input data required by platform VISK are: orthophoto of the case-study area, spatial
foot-print of the buildings, flooding height/velocity profiles for prescribed return periods and
the uncertainties in structural modeling parameters related to both material mechanical prop-
erties, construction details and geometry (in the form of probability distributions). In this sec-
tion, each input category is described in more detail.

2.1  Othophoto and the footprint of the buildings

The orthophoto of the case-study area needs to have the following characteristics: at least
300 dpi of resolution, aspect ratio of about one, georeferenced in a specific coordinate system
(e.g., UTM,WGS 1984) that remains the same for all the other input (i.e. flood hazard maps,
buildings shape). As far as it regards the spatial foot-print of the buildings to be analyzed, the
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program accepts a dataset containing the information stored for each spatial polygon that de-
fines the building boundary (i.e., a GIS shape file format). In case such a spatial dataset is not
available, VISK can extract the plan dimensions by performing orthophoto boundary recogni-
tion guided by the user. User's role is to manually define the nodes of the polygon that define
building's footprint as illustrated in Figure 2 below. The user-guided boundary recognition
operation not only helps in creating a digital database of buildings for which risk assessment
is later going to be performed but also helps in characterizing the building-to-building varia-
bility in the dimension of the wall which is going to resist the flood action.

I=thbuilding

Figure 2: Acquisition of data regarding building footprint.

2.2 Characterization of uncertainties:

VISK can be used for flooding risk assessment for individual buildings located in a homoge-
nous urban area. Therefore, the main function of VISK as software for vulnerability assess-
ment is the definition of fragility curves for a single class of structures. Therefore, the
uncertainties considered are primarily related to building-to-building variability in material
properties, geometry and construction details. In the following sub-sections, the procedure for
characterizing these uncertainties is described in detail. As mentioned in the previous section,
orthophoto recognition can be used in order to capture the variation of buildings' footprints in
the case-study area. However, building specific field surveys are needed in order to gain bet-
ter understanding of the geometry and construction details. As far as it regards survey-based
input requirements for VISK, information on the uncertain parameters can be specified in two
alternative ways: (1) discrete binary uncertain parameters based on a logic-tree approach; (2)
continuous uncertain parameters.

2.2.1 Discrete binary uncertain parameters/logic statements:

Presence of raise-foundation / Platform PL
Presence of Barrier Ba
Avre the doors sufficiently water-proof DS
Avre the windows sufficiently water-proof WS

! Neglecting the effect of internal walls or embedded columns in reducing the "free” loading span.
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Is There a door in the wall panel D
Avre there windows in the wall panel W
Avre there signs of material degradation DG

Table 1 - Discrete binary uncertain parameters considered by VISK

Table 1 reports the list of discrete binary uncertain parameters/logic statements considered
and the related input accepted by VISK. Examples of the uncertain binary parameters consid-
ered are, presence of a raised foundation (platform) PI, presence of a barrier Ba, water-
tightness of the door DS, water-tightness of the windows WS, and presence of a visual degra-
dation in the building DG. It can be noted that also the presence of openings (doors D and
windows W) in the model wall panel is randomized. This is due to fact that in the current ver-
sion of VISK, the specific building wall hit first by the flood (and its angle) are assumed to be
unknown. The vulnerability assessment module uses the logic-tree approach in order to prop-
agate the uncertainties in discrete binary uncertain parameters listed in Table 1. Organization
of the binary parameters in a logic-tree, among other things, enables the user to define the cor-
relation between various uncertain parameters. Figure 3 below illustrates the two logic-trees
employed by VISK: (a) the logic tree illustrated in Figure 3a is used in order to evaluate
whether the building is sufficiently waterproof or not; (b) the logic-tree illustrated in Figure
3b is used in order to randomize the wall panels in terms of the presence of openings (door
and windows). The red arrows indicate the information that should be input to VISK.

N° OF SURVEYED BUILDINGS 100
n° of buildings with visual signs of degradation DG 0
n° of buildings with PI 30
n° of buildings with Ba given PI 10
n° of buildings with Ba given not Pl 50
n° of buildings with DS given Pl and Ba 5
n° of buildings with DS given Pl and not Ba 15
n° of buildings with DS given not Pl and Ba 30

n° of buildings with DS given not PI, not Ba
n° of buildings with WS given PI, Ba, and DS
n° of buildings with WS given PI, not Ba, and DS

n° of buildings with WS given not PI, Ba, and DS 10
n° of buildings with WS given not PI, not Ba, and DS 3
N° OF SURVEYED WALLS 400
n° of walls with D 100
n° of walls with W given D 80
n° of walls with W given not D 200

Table 2 - Example: Discrete binary uncertain parameters in a sample survey data input to VISK.

Logic-trees: Logic-tree [13] is an efficient and visual method for modeling the joint probabil-
ity distribution for several discrete uncertain variables represented as logic statements. A logic
tree is consisted of nodes, branches and paths. Each node represents a logic statement (e.g.,
given value of an uncertain parameter). Each branch in a logic-tree represents the degree of
belief (conditional probability) for the logic statement in the destination node given all the
statements corresponding to the nodes along the path leading to (and including) the node in
the origin of the branch. For example, In Figure 3(a),(b), the degrees of belief or the condi-
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tional probability values are written in grey characters on the corresponding branch (|, reads as
given or conditional on). Each path in a logic-tree is consisted of nodes and branches that
connect them; where the nodes belong to progressively increasing levels within the tree. The
degree of belief in a path (or the joint probability for the specific values of the corresponding
uncertain parameters) is equal to the product of the probabilistic corresponding to the branch-
es that construct the path. Finally, for any vertical cut to the tree, the sum of the degrees of
belief for all the paths trimmed by the cut should be equal to unity. That is, the paths trimmed
by vertical cuts represent mutually exclusive and collectively exhaustive logic statements.

b)

Figure 3: a) logic tree for the waterproofness, b) logic tree for the modeling generation.

a) | ' rosmary D

Estimating the logic-tree probabilities/degrees of belief: VISK's operative way to assess
the conditional probability/degree of belief for each node of the logic tree, consists in catalog-
ing of the survey information, following the conditions imposed by path leading to the node in
question. The conditional probabilities corresponding to each branch can be constructed by
classifying progressively the building survey results based on the logical value (truth value) of
each binary statement. In fact, the visual survey panel in the graphical interface allows the us-
er to progressively input the survey results based on the specific conditions imposed by the
path. This provides the possibility to take into account the correlation between uncertain pa-
rameters/logic statements. It can be observed from Table 2 that the input data accepted by
VISK for a binary uncertain parameter/logic statement denoted as BV is in the form of the
number r of surveyed buildings (progressively classified as described above) for which the
logic statement is TRUE out of number n of all the buildings surveyed. Therefore, the proba-
bility 7 that BV is true can be calculated as a complete Beta-function [14]:
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(n+1)!

m”r(l—”)mr (1)

p(z|r.n)=

where p(7r,n) denotes the probability distribution for the degree of belief in statement BV
given r "success" out of a total of n. After evaluating the above probability distribution, VISK
platform provides three possibilities as much as it regards the estimation of 7 a) only use the
mode of the distribution in Eg. 1: 7 =r/n b) only use the expected value 7 =(r+1)/(n+2), that
is the first moment approximation, or ¢) sample from the entire distribution.

Numerical example: With reference to the survey information reported in Table 2, using the
mode of the Beta distribution in Eq. 1, referred to as approach (a) above: P(Ba|Pl) is equal to
10/30=0.33; P(DS|Ba,Pl) is equal to 5/10=0.5; and finally P(WS|DS,Ba,Pl) is equal to
2/5=0.40.

2.2.2 Continuous uncertain parameters:

The VISK input for continuous uncertain parameters consists of the choice of a probability
distribution (e.g., Normal or Uniform) and its relevant statistics. In the current version of
VISK possible correlations between the continuous uncertain parameters are not considered.
However, the future updates will allow for modeling of possible correlations between a cho-
sen subset of the continuous parameters. These user-specified probability distributions will be
used later during the simulation process.

Table 3, 4 and 5 list the continuous uncertain parametersparameter considered in VISK. It
can be observed that the continuous parameters considered are classified into three categories:
(1) parameters related to the building geometry; (2) parameters related to the mechanical ma-
terial properties; (3) parameter related to structural loading.

Geometrical property Distribution type Me_an Standard Deviation
Min Max
L (m) - wall length Normal 11.17 3.39
H (m) - wall height Uniform 2.50 3.50
t (m) - wall thickness Deterministic 0.125 0.00
L (m) - window length Uniform 0.80 1.20
H,, (m) - window height Uniform 0.80 1.00
Huwo (M) - window rise Uniform 0.80 1.20
Ly (m) - door length Uniform 0.80 1.20
Cq4 (m) - corner length Uniform 0.80 0.90
H¢ (m) - foundation rise Lognormal 0.45 0.15
Hy, (m) - barrier height Uniform 0.10 1.00

Table 3: The continuous uncertain parameters considered by VISK: building geometry.

In the first category, parameters such as structural height, wall thickness, window length
and height, window height from the bottom, door length, distance between the corners and the
openings, the foundation (platform) height. As far as it regards the second category, parame-
ters such as elastic modulus (E), Poisson ratio (v), compressive strength (fy), shear
strength(z), flexural strength (fq) for the wall panels are considered. Moreover, it possible to
take into account a parameter that measures the amount of material deterioration due to the
elongated contact with water.
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Mechanical properties Distribution type Me'an Standard Deviation
Min Max
fn (MPa) - compression strength Uniform 1.50 2.00
7 (MPa) - shear strength Uniform 0.095 0.12
fq (MPa) - flexural strength Uniform 0.14 0.40
E (MPa) - linear elastic modulus Uniform 1200 1600
G (MPa) - shear elastic modulus Uniform 500 667

7 (KN/m?) - self weight Uniform 11 13

Table 4: The continuous uncertain parameters considered by VISK: material mechanical properties.

Ideally, input statistics related to structural material properties should be obtained based on
the results of case-specific laboratory tests. The laboratory tests are aimed to mimic the con-
struction materials and relevant techniques used in the field, in order to evaluate the main me-
chanical characteristics of the wall material. In lieu of case-specific laboratory tests, existing
literature results can be used. Third category is related to uncertain loading parameters. Table
5 report the uncertain parameters a and b related to the hydro-dynamic flood loading profile.
These parameters describe the flooding velocity as a power-law function (a-h") of flooding
height at a given point.

Loading parameter Distribution type Median Standard Deviation
B Lognormal 1.57 0.54
A Fully correlated with b®

Table 5: The continuous uncertain parameters considered by VISK: loading parameters

Numerical example: The histogram in Figure 4 illustrates the histogram of platform heights
based on the results of sample field survey. A Lognormal distribution is fit to the histogram
and its two parameters (median and logarithmic standard deviation) can be provided as input
to VISK.

2 is sampled from a probability distribution fit to various (a, b) data pairs calculated based on the inundation
profile. Therefore, after simulating b from its probability distribution, the closest (a, b) pair is taken.
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Figure 4: Histogram of platform height [17].

2.3 Hydraulic results and flooding hazard curves

Inundation profiles calculated for various return periods are one of the main input data fed
into VISK. The inundation profile is generally expressed in terms of flood depth and velocity,
for different return periods of the extreme precipitation event, for each node within a lattice
that covers the entire case study area. This information is usually obtained through a general
hydrologic/hydraulic routine. VISK acquires inundation profiles for various return periods, in
terms of gridded data set in Arc ASCII grid format, typical output file of commercial software
that develop mono/bi-dimensional diffusion models [15, 16].

Charambe

Figure 5: Inundation profiles for a given return period in terms of a) flood depth and b) flood velocity [17].

Once the grid dataset of the inundation profiles has been acquired by VISK, the software
creates an overlay of the inundation profile (for various return periods and classified by flood-
ing height and/or velocity) and the uploaded orthophoto of the case-study area.

Extracting flooding hazard curves: VISK has the capability of extracting flooding hazard
curves in terms of the mean annual frequency of exceeding (equal to the inverse of return pe-
riod for a homogenous Poisson process) a given flooding height or velocity for a given point
within the case-study area (e.g., centroid of a given building), based on the input grid data set
described in the previous paragraph. This is done by a spatial interpolation between the point
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(identified as G in Figure 6 below) and the flood height/velocity values at the vertex of the
lattice grid containing the point in question.

| Node 4 | Node 3

<I)-H-I: [hma\-‘l \r"ma’(-‘l] | Hsz[hmaﬁ \r"ma’d]

—Building Centroid

! HI:[hmaxl Vmaxl] : HEZ[hmaQ \r"ma\:}]

Figure 6: Graphical representation of the spatial interpolation for point G.

The flooding height and velocity vector denoted by H=[hmax ,Vmax] at a given point can be
evaluated as follows:

H  H, H,
_dl d2 d4
He=—1— 1
d, d, d,

)

where d; denotes the distance to node i and H; represents the flooding height and velocity vec-
tor for node i. It can be observed in Eq. 2, that the flood height and velocity vector Hg is cal-
culated as the spatial weighted average of H;. where the weights are equal to the inverse of the
distance d;. It is worth noting that for each building only the three closest nodes are consid-
ered.

Velocity/height relationship: For each point/centroid of a building, An analytic power-law
relation of the form of hna=a Vmac is fitted by employing a linear regression in logarithmic
scale to H=[hnax ,Vmax] pairs for all the return periods considered. Figure 7 below demonstrates
3 different power-law fits for three different points within a case-study area. This power-law
fit helps in transforming an otherwise vector-based risk assessment using H=[hnax ,Vmax] as the
hazard/fragility interface variable to a scalar risk assessment problem using only hpax as the
interface variable.
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Figure 7: (a) Hazard curves, (b) Flood height versus flood velocity power-law relation [18]
Demonstration: Using the above-mentioned capabilities, VISK can generate hazard curves
for centroid points of all the buildings identified within the case-study area as illustrated in
Figures 8.

u Hazard

Hazard Curve of all buildings

1
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Figure 8: Hazard curves in terms of maximum flood a) height, b) velocity and c) relation between height and
velocity, [17].

Hmax

Figures 8a and 8b illustrate the hazard curves for all the building centroid points within a giv-
en case-study area for flooding height and velocity, respectively. For each building centroid,
the set of H=[hmax ,Vmax] pairs and the power-law relation fitted to them are plotted in Figure
8c.

3 VISUAL VULNERABILITY ASSESSMENT PLATFORM

Structural vulnerability assessment lies in the core of VISK platform. The vulnerability as-
sessment results are represented as the fragility curves, expressing the probability of exceed-
ing a prescribed limit state. The software envisions various modes for acquiring the necessary
input: (a) calculating the fragility curves based on the input provided to VISK; (b) creating
Normal/Lognormal fragility curves based on the first two moments (i.e., mean and standard
deviation); (c) creating fragility curves based on data uploaded by the user from a file; (d)
creating step-function fragilities, referred to in the program as the Nominal fragilities. In this
section the methodology used for calculating the fragility curves based on approach (a) listed
above is described.
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3.1 The limit states

The fragility curves are calculated for three limit states, namely, serviceability (SE), life
safety (LS), and structural collapse (CO). In VISK, limit state thresholds are expressed in
terms of the critical flooding height. Serviceability is marked by the critical water beyond
which the normal activities in the household is going to be interrupted, most probably due to
water infiltration. For example, for an insufficiently water-tight buildings built on a raised
foundation, the critical serviceability water height is equal to the height of raised foundation
above the ground level. For buildings constructed according to flood-resistant criteria, the
critical water height for limit state of serviceability is taken asymptotically equal to the critical
height needed for exceeding collapse limit state assuming brittle failure modes. Collapse limit
state is defined as the critical flooding height in which the most vulnerable section of the most
vulnerable wall in the building is going to break. Life safety limit state defines the critical
flooding height in which lives of the inhabitants is going to be in danger. This can be caused
either due to the infiltration of water inside the building (with the increasing risk of drowning
in water), or the structural collapse (defined in the same manner as the critical height for col-
lapse limit state). The critical water height for structural collapse is calculated in VISK by
employing structural analysis taking into account the various sources of uncertainties in ge-
ometry, material properties and construction details. As far as it regards life safety considera-
tions, VISK allows the consideration of judgment-based or code-based nominal water height.

For all the limit states considered within VISK, a simulation-based routine is employed in
order to propagate the various sources of uncertainties described in Section 2.2. VISK em-
ploys an efficient simulation-based procedure relying on a small number of simulations (e.g.,
in the order of 50-100).

Assuming that vector 0 consists of all the uncertain parameters considered in the problem,
simulation i corresponds to the i realization of vector 0. Each 6; is sufficient for defining the
structural configuration, flood action, and material strength values for i simulation realiza-
tion. Having this information, the critical water height can be calculated for each realization
of the structural model/action. With reference to the uncertain parameters considered by VISK
and described in Section 2.2, vector 0 is partitioned in two sections: 6, lists the discrete binary
uncertain parameters considered; and 6 is related to continuous uncertain parameters. Each
simulation realization is generated according to the probability distributions for vector 0 (at
present, correlation structure is considered only for the discrete parameters defined using logic
trees).

It is important to emphasize that the sampling procedure is going to involve both the struc-
tural model (configuration and material properties) and the flooding action. In particular, the
load considered in the structural analysis is going to depend on the degree of water-tightness
assigned to the structure based on the quality of doors and windows. Moreover, the parame-
ters identifying the hydro-dynamic pressure profile have been simulated based on the variabil-
ity of velocity profile with respect to the flooding height profile in the zone of interest, as
demonstrated in detail in the section relative to the loading.

3.3 The structural analysis

VISK platform relies on the open-source structural finite element analysis software
OpenSees [19] for structural analyses. The structural models developed herein are consisted
of two-dimensional elastic shell finite element panels with openings (considered as voids).
Three types of transversal boundary condition restraints are considered: (a) fixed end; (b)
hinged; (c) free. For example, if a good transversal connection between two orthogonal walls
is verified, wall panel with fixed-end restraints can be used. Based on the uncertain parame-
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ters related to the geometrical configuration of the buildings, four different types of structural
models are generated. These models are distinguished based on the type, number and relative
positioning of openings (door and windows). Figure 9 below illustrates various configurations
generated in the simulation procedure.

L . p L ¥

L (m) - wall length

L, H (m) - wall height

t (m) - wall thickness
L, (m) - window length
Hyw (m) - window height
G L o Ly Iy Hus (M) - window rise
[ - — Ly (m) - door length

Cq (M) - corner length
H¢ (m) - foundation rise
Hp (m) - barrier height

Figure 9: Four structural configurations considered in the analysis.

The current version of VISK considers three kinds of flood action on the structure: (1) hy-
drostatic; (2) hydrodynamic pressure; (3) waterborne debris impact; (4) material property de-
terioration (due to elongated contact with water). Detailed description of the above-mentioned
flood actions can be found in [20]. As far as it regards the flooding pressure, the flooding pro-
file across structural height is considered and the resulting forces are discretized to the panel
joints. The discretized force on the openings (if they are sealed) is applied to the joints located
at the opening boundary (neglected if the opening is not sealed).

3.3.1 Incremental flood loading analysis

The critical flooding height for the structure is established through a procedure referred to as
incremental flood loading analysis. In this procedure, for increasing levels of flooding height,
the structural model is analyzed considering the above-mentioned combination of actions (as-
suming that waterborne debris are going to hit the structure at the flooding water level as-
sumed). The critical water-height for a given limits state is considered as the water-height in
which the limit state in consideration is exceeded for the first time. For each flooding height
level, this consists in controlling whether the section force, or demand, denoted by D, exceeds
the corresponding section resistance, or capacity, denoted by C, for the specified limit state,
for zones of stress concentration.

Safety-checking: For all the identified zones of stress concentration (described in detail in the
next section) and for each water height level, safety-checking is performed in terms of both
shear force and out-of-plane bending moment. It should be noted that safety-checking for
bending moment is differentiated with respect to horizontal and vertical sections, due to the
presence of axial forces. Denoting the flexural strength of a horizontal section by (Mggn); the
flexural strength of a vertical section by (Mgqy); and the shear strength by (Vrq):

VRd = A&ection Ty (3)
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MRd,H :M'(l Lj (4)

2 ) 0.85- fm ’ Aeotion
fy- Hsec ion -t
Mgg v~ HTI (5)

where Acection 1S the area of the section/sub-section; Heection 1S the height of the section/sub-
section, and N is the axial force acting on the section/sub-section. The formula for shear
strength neglects interactions between shear/axial forces. The flexural strength for a horizon-
tal section/sub-section in Eq. 4 is calculated assuming that the out-of-plane bending moment
strength reached by exceeding the ultimate compression strength. This is while the flexural
strength for a vertical section/sub-section in Eq.5 is calculated by assuming that the bending
moment strength is reached by exceeding the ultimate tensile strength.

Calculating the critical demand-to-capacity ratio: VISK provides an iterative procedure
for identification of the zones high stress concentration by searching through prescribed criti-
cal sections. Figure 10 below illustrates various critical sections (highlighted) identified in
relation to structural configuration and geometry.

Figure 10: Zones of panel in which is searched the critical section.

Zones of high stress concentration can verify due to, debris impact, asymmetric boundary
conditions, and geometrical configurations/presence of openings. Strictly speaking, local
stress concentrations do not necessarily translate into global failure mechanisms; however, —
in lieu of more accurate information — they can be considered as precursors to failure for a
brittle structure. For each critical section i considered, the zone(s) of high stress concentration
are identified by: (a) discretizing in smaller sub-sections (with a discretization step of 25 cm);
(b) calculating the demand to capacity ratio (for both flexure and shear), for each sub-section |
of the critical section considered, denoted by D;i/Cji. This is done in an exhaustive manner
considering all the possible sub-sections; (c) defining the zone(s) of high stress concentration
as those having the largest demand to capacity ratio max; D;i/C;i. In this manner, VISK can
determine, for each water height level h, the critical demand to capacity ratio as the demand to
capacity ratio Y(h) that takes the structure closer to the onset of specified limit state [21]:

Y (h) = max; max; @ (6)
C

VISK platform registers the critical section i, the mode of failure (shear/flexure), and the wa-
ter height h¢, that corresponds to Y (h¢)=1.

For each Monte Carlo realization of the structural model identified by vector 0, a value for
the critical water height h¢(8) is obtained, for a given limit state, defined as Y(h¢(6))=1. The
dependence of critical water-height on 0 is dropped for convenience hereafter.
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Numerical Example: Figure 11 below shows the histrogram of critical section/mode of fail-
ure corresponding to he for a set of N=200 simulations performed by VISK. The red column
marked as no collapse identifies the simulations in which, for all the water height levels con-
sidered, the critical height for which Y(h¢)=1 is not verified.

45

40
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20! | Flex.Vert.Side
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[ Flex.Wind.Side

20+ | : Shea.Wind.Side
I Flex.Wind.Bott.

151 I Shea Wind.Bott.
B Flex.Wind.Upp.

0

I shea.Wind.Upp.
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[ shea.Door.Side |

5

0
Figure 11. Histogram of critical section/mode of failure corresponding to h, for a set of N=200 simulations.

3.5  The analytical fragility curves

For each limit state considered, the simulation procedure provides a set of critical water
height values as described in the previous section. These critical water height values are used
then as data in order to calculate, using Bayesian parameter estimation [22], the posterior
probability distribution for the parameters of prescribed analytic fragility functions. Finally,
the robust fragility [23, 24] is calculated as the expected fragility based on the posterior prob-
ability distribution calculated for the parameters of the prescribed analytic fragility functions.
Note that this posterior probability distribution can be interpreted as degrees of belief in the
various analytic fragility models that are defined based on a specific set of parameters. VISK
adopts three analytical fragility models corresponding to each of the three limit states consid-
ered:

h
In——
(SE) F (0 |77 B ) =P(nge <h; ) =7, ® % +{-m,)-1,(h,) ©)
h,
In—
(CO) F(hf |ﬂco:ﬂco)=P(hcoghf)=(D % 8
hf
In—

(LS) F(hy |2, )= P(hy <, )=7- 0] — 4 (1-7)-1(h,) 9)

SL
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where parameters 7z, r7 and £ reported after the conditioning sign (|) are the three parameters
that define the analytic probability distribution/fragility function for the serviceability (SE)
and life safety (SL) limit states. Meanwhile, for the collapse (CO) limit state, only two param-
eters denoted by 7 and g are needed. 1- 7 is the ratio of cases for which the serviceability crit-
ical height is equal to zero; 1-7is the ratio of cases for which the life safety height is equal to
a nominal prescribed value; 7 and B are respectively the median and the logarithmic standard
deviation for the critical water height given that the critical water height is greater than zero
for (SE) and given that the critical water height is not equal to the nominal value for (LS); ®(.)
denotes the standard Gaussian (Normal) cumulative probability distribution and lIo(hf) and 1(hy)
are index function defined as follows:

&2 003 o o

(LS) (11)

Lif h, >h,,. . (LS)

nominal (

O If hf < hnominaI(LS)
n)-|

lo(hs) and I(hs) depict two step functions identified respectively by zero (Figure 12a) and the
nominal water height (hnominai(LS)) (Figure 12d). Note that the derivative | functions is equal
to the Dirac delta function at h=0 and h=nhpominai(LS).

The analytical fragility model proposed in Eq. 7 and Eq. 9 can be interpreted as an applica-
tion of the total probability theorem [25] on the two mutually exclusive outcomes marked by
probabilities mp and ©. The probability distributions in Egs. 7 and 9 are also known as the
three-parameter distributions [25, 26] which are bi-modal probability density function
(PDF)/cumulative distribution function (CDF) expressed as a linear combination of a
Lognormal PDF/CDF and a Dirac delta function/step function. In particular, the three-
parameter cumulative distribution functions expressed in Eq. 7 and illustrated in Figure 12(c)
is a linear combination (with weight 7,) of the step function ly(h;) depicted in Figure 12(a) and
the Lognormal CDF depicted in Figure 12(b). In a similar manner, the three-parameter cumu-
lative distribution functions expressed in Eq. 9 and illustrated in Figure 12(f) is a linear com-
bination (with weight 7z) of the step function I(h) depicted in Figure 12(d) and the Lognormal
CDF depicted in Figure 12(e).

I(hpy P(hy) P(LS|hf)I
a) , D) /_> c)L_/_ >
0 hy b, 0 hy

I(h ) P(hy) P(LS|hy)
d) €) /— f)I /‘/_,
hnommaI(LS) hf hf hnominal(LS) hf

Figure 12: schematic diagrams of: a) step function for SE; b) the Lognormal CDF for SE; c) the three-parameter
CDF for SE; d) step function for LS; e) the Lognormal CDF for LS; f) the three-parameter CDF for (LS)
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3.6 The robust fragility estimation

Denoting the parameters of the analytic fragility function as y (e.g., ¥ =[z,n,f] for LS), the
joint probability distribution for the vector of parameters y can be expressed as p(y). Using
Bayesian parameter estimation, the probability distribution for the parameters of the fragility
function for a given limit state can be updated using formulas described in [22] based on the
set of critical height values obtained from simulation. The updated or posterior probability
distribution can be denoted as p(xHc(LS)) ® where H.(LS) is the vector of simulation-based
critical height values for limit state LS. This probability distribution represents the uncertainty
in the vector y due to limited number of simulations.

The robust fragility denoted by F(h;| Hc) is calculated as the expected value of the analytic
function F(hip) in Egs. 3, 4 and 5, over the entire domain of vector y and according to the up-
dated joint probability distribution p(xH.):

F(hf |HC)ZE[F(hf |X)]:IF(hf |x)-p(x|H,)-dy (12)

where E[.] is the expected value operator and Q is the domain of the vector y. The variance
o2 in fragility estimation can be calculated as:

o*[F(n, 1x)]=E| F(n 1x)" |-E[ F(n 12) T (13)
where E[F(h)]* can be calculated from Eq. 12 replacing F(hily) with F(htdy)°.

Numerical Example: Figure 13 below illustrates the robust fragility curves and their
plus/minus one standard deviation interval, corresponding to the three limit states (SE, LS and
CO) taken into account into in VISK, based on N=50 Monte Carlo simulations.

LS CO
]_ >, 1 N - S
F 1";""‘
F A
08 L 0.8 "",",""' o
e
0.6 0.6
Uy
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0.4 04
V3
0.2 02f
l'."‘
0 ; : : 0 : : : 0 : : :
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hf— flood (m) hf— flood (m) hf— flood (m)

Figure 13: Robust Fragility curves and their plus/minus one standard deviation interval (SE), (LS) and (CO),

% LS is dropped hereafter for brevity.

respectively.
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4 VISUAL RISK ASSESSMENT PLATFORM

41  The risk maps

VISK renders point estimates of flooding risk by integrating the robust fragility and its
plus/minus one standard deviation intervals (Ftor) and the flood hazard at a given point in
the zone of study:

Ais (o) = [F(x| H, ) [dA(x)]- dx (14)

In this case, the flooding risk is A s(Hc) is expressed in terms of the mean annual rate of ex-
ceeding” a prescribed limit state LS (i.e., exceeding the critical flooding height corresponding
to the limit state in question) for a given point. The annual probability of exceeding a limit
state P(LS), assuming a homogeneous Poisson process model with rate A s is:

P(LS)=1—-exp(—4s) (15)

Numerical Example: Figure 14 illustrates risk maps in terms of mean annual rate A.s and

annual probability P(LS) of exceeding the collapse limit state.
MEAN ANNUA RATEOF EXCEED EIMIT STATE )

P £ 4};

Figure 14 a: Risk maps in terms of mean annual rate of exceeding the collapse limit state [17]

* H_. is dropped hereafter for brevity.
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Exposure to risk: VISK estimates the exposure to risk by calculating the total expected loss
or the expected number of people affected for all the buildings identified (see Section 2.1) in
the case-study area. The expected repair cost (per building or per unit residential area), E[R],
can be calculated as a function of the limit state probabilities and by defining the damage state
I as the structural state between limit states i and i+1:

E[R]z%[P(LSi+1)—P(LSi)]-Ri (16)

where Nis is the number limit states that are used in the problem in order to discretize the
structural damage; R; is the repair cost corresponding to damage state i; and P(LSNLS+1):O.

The expected number of people affected by flooding can also be estimated as a function of the
limit state probabilities from Eqg. (16) replacing R; by the population density (per house or per
unit residential area).

Numerical Example: Considering a population density of 0.03 per residential square meter
and a rebuilding cost of 3 € per square meter (for a single limit state, CO), the expected re-
placement cost and the expected number of casualties is calculated from Eq. 16 (with N s=1).
Figure 15 and 16 illustrate the expected number of casualties and expected replacement cost
for the buildings considered in the case-study area.
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2 CONCLUSION

VISK is a new software platform with a graphical user interface for micro-scale flood risk
assessment for a single class of buildings. This software, which has been developed in the
context of the European FP7 project CLUVA for flood vulnerability assessment of informal
settlements (“non-engineered” buildings), is particularly suitable for risk assessment based on
incomplete information. This paper has discussed the novel features of VISK. These novel
features include: using manual orthophoto boundary recognition in order to capture the foot-
print of the buildings considered; propagation of several sources of uncertainties (e.g., build-
ing-to-building variability, incomplete knowledge, limited number of surveys, limited number
of simulations) in the calculation of structural fragility for a class of buildings; considering the
correlation between discrete binary parameters; using Bayesian parameter estimation based on
sample field survey results in order to characterize uncertainties; calculating the structural
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fragility using an efficient Bayesian small-sample simulation method; an exhaustive iterative
procedure for localizing the structural damage in the model structure; considering the open-
ings in the model structure; taking into account flood actions such as the hydro-static and hy-
dro-dynamic pressure, the debris impact and material deterioration due to elongated contact
with water, taking into account the effect of water-seepage in structural analysis. The fragility
curves for the class of buildings are calculated for three limit states of serviceability (SE),
structural collapse (CO), and life safety (LS). Various point-wise risk metrics are adopted in
VISK for evaluating the flooding risk, the mean annual rate and annual probability of exceed-
ing a prescribed limit state, the expected loss, and the expected number of people affected by
flooding.

It should be noted that, although VISK is developed for micro-scale flood risk assessment
of informal settlements, it could be applied to other building types in general.
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