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RISK ASSESSMENT: A SIMPLIFIED APPROACH OF FLOOD DAMAGE
EVALUATION WITH THE USE OF GIS

Paola De Lotto! and Guido Testa?

ABSTRACT

A method for flood damage evaluation based on simplified hazard, exposure and
vulnerability analysis is presented in the paper. The method was tested on a case study
of a hypothetical dam collapse in an alpine valley in Italy. The parameters describing
flood hazard were obtained through hydraulic calculations: the maximum water depth
and velocity in each portion of the flood prone area synthesize the intensity of the flood
wave. The properties at risk were evaluated using statistical data available for the whole
country and analyzing land-planning tools. To quantify the value of the buildings, the
market price per square meter was taken for the different areas of the towns and uses of
the buildings. In order to determine the vulnerability of the buildings, reference was
made to depth-damage curves proposed by the US Army Corps of Engineers. As the
urban characteristics of European countries may differ from the American ones, an
original depth-damage curve was obtained from the elaboration of data related to a flood
event occurred in Italy.

INTRODUCTION

To assess flood risk means to evaluate the expected damage consequent to flood
events in a specific area and period of time. The estimation of flood risk in a territory is
of great importance both for land planning activities and for the design and cost-benefit
analysis of different kinds of flood protection measures. Insurance policies against
natural catastrophes has been applied since a long time in several countries (i.e.: United
States, France, Great Britain); in the last years this measure has been discussed and
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proposed in Italy too. The availability of a low cost method to assess flood risk should
be very useful whenever insurance would be introduced by law.

Expected damages are commonly calculated from the combination of the
following variables:
a. hazard: the probability and intensity of the event;
b. value (or exposure analysis): the socio-economic value of the risk prone area;
¢. vulnerability: the percentage of that value that would be lost (0 % = no damage, 100
% = total destruction).

Rigorous approaches require detailed analysis to describe the phenomenon from
an hydraulic point of view, to evaluate the properties and activities of the risk prone area
and to define vulnerability functions (US Army Corps of Engineers 1988, Parker et al
1987). These methods are therefore difficult to apply in countries like Italy, where the
existing lack of data makes these applications normally incompatible with the available
resources. In the present paper a simplified method based on the use of the above
mentioned variables, with reference to mean statistical data that are more easily
available, is presented.

In compliance with Italian regulations in force, ENEL provided inundation maps
referred to the hypothetical collapse of all its major dams ; it was therefore decided to
refer to dam-break studies to test the method, as hazard analyses were already available.
During the first year of work a rough method was elaborated and applied to two case
studies. The method was based on exposure data at municipality scale and on the use of
vulnerability curves based on flood wave velocity . It produced an estimation of
damages suffered by residential, commercial and industrial buildings, without
considering damages to building contents (ENEL SpA & ISMES SpA 1997). The
present paper refers to the activities aimed at refining this procedure and to the results
obtained on the chosen test case.

FLOOD DAMAGE EVALUATION

The test case

The chosen case study is a dam-break case in an alpine valley. The main river
length is 122 km: in the first 50 km the river flows in a mountainous area and then in a
plain zone. A total population of about 270000 people, subdivided into 54
municipalities, lives in the valley downstream the dam.

Hazard assessment

The definition of flood hazard consequent to the hypothetical collapse of the dam
was based on the hydraulic calculations made by ENEL in compliance with the Italian
regulation in force. In the case study the propagation of the flood wave had been
calculated using STREAM, a one-dimensional model for free-surface unsteady flow on
dry bed developed by ENEL (A. Di Monaco & P. Molinaro 1984). The model solves the
governing equations by the use of a finite element method for space discretization and
of a Runge-Kutta method for time integration. The model calculates the temporal trends
of the main hydraulic quantities along the river axis (discharge, water depth and
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velocity). The final results are summarized in Table 1 where the maximum water
discharge, depth and velocity of the wave along 64 significant sections of the river are
reported. The map of the areas flooded by the maximum water stage was also available.

The most important quantities which describe the intensity of a flood wave in
relation to the possible damages to buildings and structures are water depths and
velocities. A two-dimensional model gives these data all over the flood plain. In the
present case some approximations were needed and the GIS was used to develop the
following steps:
elaboration of the Digital Elevation Model (DEM) of the terrain;
elaboration of the DEM of the maximum water stage using the (x,,z) points of
the water stage along the river axis and the (x,y,z) points of the perimeter of the

flooded area;

calculation of the water depth in each cell of the flooded area through the
difference between the two DEMs (the resulting map is represented in Fig. 1);
attribution of the flow velocity given by the one-dimensional model to the

surrounding flooded area (the resulting map of is represented in Fig. 2).

The final output of this task was the subdivision of the territory into cells 25 m x
25 m, each of them characterized by two hazard indexes: the maximum water depth and
the maximum water velocity.

Table 1: Variables describing the maximum intensity of the flood wave along the river

Section Distance Discharge Water depth ~ Water stage Velocity Time
(n.) (Km) (m3/s) (m) (m a.s.1.) (m/s) ~ (min.)
Lake - - - 1815.91 - -

3 1.557 23502 11.80 1288.10 34.70 0.0

4 2,122 23501 13.85 1208.80 42.11 0.2

§ 3.020 23500 13.27 1003.55 41.04 0.6

6 4.627 23443 12.39 896.14 24.56 1.4

14 18.411 14956 15.84 602.14 13.69 19.0
15 20.030 14583 14.36 571.87 11.04 21.2
16 21.807 13750 15.23 544.34 11.40 23.9
17 23.747 12473 14.11 530.21 8.09 274
18 25.430 11672 13.54 514.64 9.57 30.6
19 26,014 11367 7.69 500.04 6.58 333
20 27.992 10463 12.72 491.93 8.25 36.6
55 99.092 1391 1.60 80.49 1.26 500.9
56 100.792 1359 2.65 75.72 1.10 526.7
57 103.367 1220 4.62 72.69 1.64 563.1
58 106.217 1173 3.46 67.49 0.97 603.8
59 108.892 1033 3.82 63.89 1.33 645.5
60 111.167 901 4.07 63.05 2.08 673.4
61 112.917 893 373 59.75 1.84 690.3
62 115.942 862 5.40 57.47 1.77 719.7
63 118.192 855 3.87 54.85 1.75 744.5
64 120.142 850 3.43 52.43 1.35 767.9
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Fig. 1: Sketch of the map of water depth
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Fig. 2: Sketch of the map of water velocity
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Exposure analysis and value assessment

The second step of the risk assessment procedure is the evaluation of the number
of people, buildings, infrastructures, activities, etc. which are exposed to risk and of
their related value. Obviously a monetary value can be derived only for real estates,
personal properties, infrastructures, while the worth of human life and of cultural and
environmental inheritance is more difficult to assess. In the present work only the direct
economical damages were sought: indirect damages to activities and social impacts on
population have not been specifically analyzed. Anyway, exposure analysis must
consider at least how many people could be affected by the flooding event. In the test
area the total population in the 54 municipalities down-valley of the dam is of about
270000 people (ISTAT 1991). More then 100000 persons live in the area directly
flooded by the dam-break wave. These data on population are easily available, as the
National Institute of Statistics (ISTAT) publishes the results of the national census of
population and buildings every 10 years and sells the related numerical data in GIS
format. The maximum detail at which the data are available is at sub-municipality scale.
Each municipality is subdivided into census districts. The dimension of the districts is in
function of the density of population: as en example, the census districts of a medium
sized town in the test area are represented in Fig. 3.

1000 0 1000 2000 3000 Meters

—

Fig. 3: Example of subdivision of a municipality territory into census districts
(ISTAT 1991)
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The ISTAT census also supplies the contour of urban areas and data on
residential buildings inside each district. Starting from this database it was possible to
deduce the total surface of residential buildings in each census district. In flood damage
assessment the height of the buildings is very important, as damages are mostly related
to water depth: by the use of land planning tools it was possible to get the predominant
type of houses in each district, distinguishing the 1, 2 and 3 or more floor buildings.
From the analysis of town planning tools the presence of industries, shopping centers
and public services was also pointed out and mapped in GIS format.

From data obtained through the analysis of the Census and of town planning
tools, available all over Italy, the total surface of the following properties has been
evaluated for each census district and stored in the GIS:

e residential buildings with 1, 2 and 3 or more floors;
shops;
shopping centers;

e industrial buildings;
e public buildings.

Average market prices were then applied for the different areas of the towns and
uses of the buildings (residence in town center and suburbs, commercial and industrial
buildings). To evaluate the value of public buildings, real estate estimate publications
have been used (F. Romano 1994).

To estimate the value of building contents, average rates proposed by the US

Army Corps of Engineers (1988) were considered (Table 2).

Tab. 2: Mean values of building contents in function of structure
value (US Army Corps of Engineers 1988)

Building use Content vs. structure value
Residence 0.5
Shops 2
Shopping Centers 2
Industries 3.5
Public Services 2

The final output of this step was a GIS layer were the value of buildings and
contents for any of the considered type was stored for each census district (see an
example in Table 3). The specific value per square meter of the territory related to each
of the 14 classes of properties was then calculated in each cell. A map of the different
specific values of the census districts was obtained: a sketch is illustrated in Fig. 4.
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Table 3: Value of buildings and contents for each census district
in a little town (thousands of Euro)

district Rs1 Rs2 Rs3 Rel Re2 Re3 Ss
1 0 0 17076 0 0 8538 2552
2 18392 0 0 9196 0 0 2748
3 17755 0 0 8877 0 0 2653
4 16964 0 0 8482 0 0 2535
5 17077 0 0 8539 0 0 2552

district Sc SCs SCe Is Ie Ps Pe
1 5103 0 0 0 0 1116 2231
2 5497 1239 2479 8788 30757 837 1673
3 5306 0 0 7408 25928 0 0
4 5070 0 0 2179 7626 1116 2231
5 5104 0 0 11620 40671 1394 2789

R = Residence S =Shop SC==Shopping Center I = Industry
P = Public service s,c = structure, content 1, 2, 3 =n° of floors

/" Flooded areas
River

E= < 500

5000 - 50000

[l > 500000
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0

£ 50000 - 250000
{5 250000 - 500000

Fig. 4: Sketch of the map of the specific value of census districts
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Vulnerability assessment

Vulnerability is defined as a function that relates the percentage of the value of a
property that could be lost with the intensity of the event. This concept was first
introduced in literature by seismic risk experts, who could put into relation the energy of
an earthquake with the rate of destruction of buildings in function of the type of
structure. The vulnerability functions are deduced from empirical data of past events and
so a great amount of data must be collected, analyzed and elaborated. In the field of
flooding risk, vulnerability functions are proposed in countries where insurance policies
against floods have been introduced since a long time (US Army Corps of Engineers
1988; Parker et al 1987). These functions consider the vulnerability of buildings and
related contents as a function of water depth and of the type of building.

In the present work, the intensity of the flood was measured by considering the
maximum water depth and the maximum water velocity. The last variable was taken
into account because extremely high velocities of the water (see Table 1) mark a dam-
break wave. As a consequence two classes of vulnerability functions had to be used:
Depth-Damage and Velocity-Damage functions. In Italy no flood vulnerability function
is available; as a consequence Depth-Damage relations have been derived from the
empirical relations given by the US Army Corps of Engineers (1988). Examples of
Depth-Damage functions for residence buildings are represented in Fig. 5. Similar
relations have been derived for commercial, industrial and public service buildings and
contents obtaining 14 functions to be used (for each class listed in Table 3).
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Fig. 5: Vulnerability functions for structure (lines) and contents (dashed lines)
of residential buildings (1, 2 and 3 floor buildings).

As the urban characteristics of European countries may differ from the American
ones, an original depth-damage curve for Italian environment was sought. The data
related to the flood event occurred in north-western Italy on November 1994 were
collected and analyzed. The municipality of Asti town supplied information on flood
water depth and on damages occurred to residence buildings. A vulnerability curve was
deduced through the elaboration of the data. It is represented in Fig. 6: the predominant
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type of building in the flooded area was with 2 floors without basement. As only one
function for a specific type of Italian residence could be obtained, the US curves were

used in the present work.

Asti (North-western Italy)
flood event of 5-6 november 1994
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Fig. 6: Empirical Depth-Damage curve deduced through the analysis
of Italian data: it represents the vulnerability of 2 floor houses
without basement

No Velocity-Damage function has been found in literature. As a consequence
reference was made to the quadratic relation between the pressure exerted on an infinite
plane surface by the water flow. The value of 30 kN/m® of the pressure of water on a
structure was taken as destructive. This threshold value is used in the field of snow
avalanche risk assessment (Frutiger et al). Furthermore the velocity of water on urban
areas outside the streambed was considered as the 50 % of the maximum velocity given
by the model. The function illustrated in Fig. 7 was obtained.
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Fig. 7: Velocity-Damage function
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The vulnerability of each cell of the territory for any type of buildings and
contents was calculated by applying the above described curves in a GIS program: in
function of the water depth and velocity values of each portion of the territory 14 Depth-
Damage and 1 Velocity-Damage vulnerability values were obtained.

Evaluation of the expected damages to properties

The evaluation of the expected damages to the property exposed to risk was
obtained multiplying the value of all the categories of buildings and contents for their
own vulnerability in each portion of the flooded area. Among Depth-Damage and
Velocity-Damage rates, the maximum value of vulnerability was used. The estimation
of the total damages to buildings and contents in the studied area is more then 2500
millions of EURO on a total estimated exposed value of about 26300 millions of EURO.
A representation of the total expected losses in the different portion of the territory is
reported in Fig. 8.
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Fig. 8: Sketch of the resulting map of the expected damages obtained through
GIS elaboration of hazard, exposure and vulnerability data.

CONCLUSIONS

A method for flood damage evaluation was tested on a dam-break case, as the
results of hydraulic calculations were already available. In this case we faced the
analysis of a single event, whose probability of occurrence can be evaluated in 10™
(ICOLD 1988). Dealing with natural flood events, the total risk should be calculated for
events with different probability of occurrence (i.e.: Tr=10, 50, 100, 500 years). Once
having performed the classical hydrological and hydraulic calculation related to
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different probability events, the evaluation of the total expected annual loss could be
quickly made with the GIS.

The proposed method is based on simplified and available land-use data. It can
be easily applied, as it needs census data and town planning tools that are normally
accessible anywhere. Although it needs further refinements, it may give acceptable
results especially when analysing in relative terms different levels of risk in diverse
locations. This could be of great usefulness in cost benefit evaluations of risk mitigation
programs and emergency action plans.
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