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Vulnerability Assessment of Mining Subsidence Hazards

Olivier Deck,'* Thierry Verdel,! and Romuald Salmon?

Between 1996 and 1999, five mining subsidence events occurred in the iron-ore field in Lor-
raine, France, and damaged several hundred buildings. Because of the thousand hectares of
undermined areas, an assessment of the vulnerability of buildings and land is necessary for
risk management. Risk assessment methods changed from initial risk management decisions
that took place immediately after the mining subsidence to the risk assessment studies that
are currently under consideration. These changes reveal much about the complexity of the
vulnerability concept and about difficulties in developing simple and relevant methods for
its assessment. The objective of this article is to present this process, suggest improvements
on the basis of theoretical definitions of the vulnerability, and give an operational example
of vulnerability assessment in the seismic field. The vulnerability is divided into three com-
ponents: weakness, stakes value, and resilience. Final improvements take into account these
three components and constitute an original method of assessing the vulnerability of a city to
subsidence.
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1. INTRODUCTION

“La Lorraine” is a region of France that has im-
portant underground natural resources of iron, coal,
and salt. The industrial need for large quantities of
raw materials at acceptable costs has led to the estab-
lishment of large underground mines, especially be-
tween 1900 and 1990. The extraction methods used
in the mining created underground voids that may
cause mining subsidence phenomena, that is, signif-
icant movements at the surface. These may result in
serious damage to structures built in the area of in-

LLAEGO—Laboratoire Environnement Geomecanique et Ou-
vrages, Ecole des Mines de Nancy, Parc de Saurupt, F 54042
Nancy Cedex, France.

2 INERIS—Institut National de L’Environnement Industriel et
Des Risques, Parc Technologique Alata, Rue Jacques Taffanel,
BP 2-60550 Verneuil-en-Halatte, France.

* Address correspondence to Olivier Deck, Laboratoire Environ-
nement Geomecanique et Ouvrages, Nancy-Université, Ecole
des Mines de Nancy, Parc de Saurupt, F 54042 Nancy Cedex,
France; tel: 00 33(0)3 83 42 82; olivier.deck@mines.inpl-nancy.fr.

fluence of such movements. Subsidence is planned in
total extraction mining (e.g., the “caving-in” method
in coal mines). These methods are profitable and
were used in iron-ore fields when no buildings or
structures existed on the surface. However, mining
subsidence is very unpredictable over mines that
use the abandoned rooms and pillars method, even
though this should provide permanent ground sta-
bility. In the latter case, the operator deliberately
leaves natural or artificial pillars in place that are
designed to withstand the overburden weight. This
method is less profitable and is used under urban-
ized areas in order to avoid subsidence and damage
to surface structures. Recent cases of mining subsi-
dence (1996, 1997, and 1999) in the Lorraine iron-
mining area demonstrate the hazard of such mining
works when left abandoned.

The subsidence incidents in Lorraine led public
authorities to investigate the entire Lorraine iron-
mining field to assess the hazard, vulnerability, and
risk of the entire region. The first investigations high-
lighted the existence of about 20 km? of urbanized
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areas concerned by abandoned works consisting of
rooms and pillars.

The first part of this article is a presentation of re-
cent subsidence phenomena and the identification of
damage. The second part deals with different aspects
of the vulnerability concept through a bibliographic
study, while the third part provides a description and
a discussion of the development of methods used in
the iron-ore field for vulnerability assessment. The
last part deals with possible vulnerability and risk
assessment methods for mining subsidence hazards.
Some improvements are possible by explicitly divid-
ing the vulnerability components or with careful con-
siderations to the influence attached to the different
vulnerability and risk components.

2. MINING SUBSIDENCE IN THE
IRON-ORE FIELD

Mining subsidence often produces significant
horizontal and vertical movements at the ground sur-
face (Table I). The maximum value “Sy,” of the verti-
cal subsidence is usually considered to be characteris-
tic of the subsidence. However, the horizontal strain
of the ground “e,” its curvature “R,” and its slope
“T” are the three main causes of structural damage.
The maximum values observed for these parameters
(&ém, Rm, and Tp,) can be disastrous for a structure if
the movements are fully imparted. The prediction of
these parameters entails significant difficulties. Com-
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parison of predicted values with real measures of
movement reveal that the vertical subsidence is the
only parameter that may be predicted with accuracy.
The slope and the horizontal strain deviate slightly
from measures and the curvature deviates by an even
greater amount.

Prediction of building damage may be performed
on the basis of threshold values for ground move-
ments (especially horizontal ground strain) and the
building characteristics (especially length and struc-
tural strength). However, an accurate prediction of
building damage is difficult in light of uncertain-
ties about the real behavior of the ground and
structures.

The consequences of subsidence vary, and in-
clude (Table I, Fig. 1):

e physical damage to buildings, roads, pavement,
and networks;

e cconomic cost of physical reparations and
compensations;

e economic cost of business and workforce inter-
ruption;

e social and psychological impacts to both disas-
ter victims and other people in the area who
suffer from the lack of public support and a
lack of response to their fears; and

e political and media-related impacts because
the entire region becomes a key point of politi-
cal debate and media reports for many months.

Table I. Description of the Five Last Subsidence Events in the Iron-Ore Field and the Associated Damage

Subsidence Others
Characteristics? Physical Damage Cost Consequences
Auboué (Metz Sm=17m 130 buildings,? €13.9 million? 150 families evacuated,® 300 people
Street) 1996 em ~ 15 x 1073 pavements, roads, permanently displaced from
Tm=25% sewerage system their village,? nursery school closed®
Auboué (Coinville Sm=1m 100 buildings,? roads,
City) 1996 em ~ 8.5 x 1073 pavements®
Tm=35%
Moutiers (high Sm=14m 70 buildings? Pub closed®
quarter) 1997 em ~ 18 x 1073
Tm=12%
Moutiers (near the Sm >0.5m 60 buildings?
stadium) 1997 em > 6x 1073
Tm=
Roncourt 1999 Sm=0.65m 18 buildings?
em ~ 6.5 x 1073
Tm=1%

aDeck (2002).
bZihri (2004).
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Fig. 1. Example of mining damage in the iron-ore field. (a) Road
damage in Auboué, 1954; (b) building damage in Auboué, 1996,
“Here, all a life is broken!”; (c) damage in the iron-ore field, “Dis-
aster victims need you...”

3. THE VULNERABILITY CONCEPT
IN THE SCIENTIFIC LITERATURE

3.1. Definitions

The concept of vulnerability is used in several
definitions of risk. The United Nations, through
the International Strategy for Disaster Reduction,
defines risk as “the probability of harmful conse-
quences, or expected losses (deaths, injuries, prop-
erty, livelihoods, economic activity disrupted or
environment damaged) resulting from interactions
between natural or human-induced hazards and
vulnerable conditions” (UN/ISDR, 2004). It has
adopted the classical convention expressed by the no-
tation: risk = hazard x vulnerability.

A comparison of the definitions of vulnerability
is useful to fully grasp the concepts this term encom-
passes. Ezell (2007) summarized 14 definitions of vul-
nerability, and Griots and Ayral (2001) made an in-
ventory of 17 definitions of vulnerability that lead to
splitting the vulnerability concept into two elemen-
tary ideas: (1) notions of sensibility, susceptibility,
weakness, and predisposition and (2) notions of dam-
age, impact, consequences, and level of loss. To study
vulnerability, it is then necessary to assess (first idea)
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damage or consequences (second idea) that may oc-
cur for a particular hazard.

The United Nations, through the International
Strategy for Disaster Reduction, defined vulnerabil-
ity as “the conditions determined by physical, social,
economic, and environmental factors or processes,
which increase the susceptibility of a community to
the impact of hazards” (UN/ISDR, 2004). This high-
lights that the susceptibility (first concept) depends
on different factors that are not only physical (e.g.,
the strength of a building). Schmidtlein et al. (2008)
used an example of a hurricane that demonstrates
that the social characteristics of concern to the com-
munity should be considered important. Other def-
initions lead to the same conclusion. For example,
Haimes (2006) defined vulnerability as “the manifes-
tation of the inherent states of the system (e.g., phys-
ical, technical, organizational, cultural) that can be
exploited to adversely affect (cause harm or dam-
age to) that system,” in order to measure risks to
critical infrastructures of terrorist attacks and natu-
ral disasters.

In France, the Ministry of Environment and
Sustainable Development defined vulnerability as
the “level of foreseeable consequences of one nat-
ural phenomenon upon assets” in which assets are
“people, goods, activities, means, heritage...likely
to be affected by a natural hazard” (MATE, 1997).
This highlights that damage and consequences (sec-
ond idea) may concern a large quantity of different
assets.

For human-caused security threats, McGill et al.
(2007) described five dimensions of the asset-level
consequences: (1) fatalities that take into account the
number of deaths and injuries; (2) repair costs mea-
sured in dollars; (3) value of assets lost (goods, prop-
erty, information) measured in dollars; (4) time to
recuperate the mission measured in units of time;
and (5) environmental damage. This emphasizes that
there is a diversity of consequences and that it is sim-
plistic to reduce them to a cost. Mining subsidence
events in the iron-ore field showed that social dam-
age occurred in addition to the costs associated with
damage.

Schmidtlein et al. (2008) defined vulnerability as
“the likelihood of sustaining losses from some actual
or potential hazard event, as well as the ability to re-
cover from those losses.” This definition stresses the
importance of resilience. Resilience is a concept dis-
cussed at length by Klein et al. (2003). On the basis
of several definitions, they suggested restricting this
term to describe the following:
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e “the amount of disturbance a system can ab-
sorb and still remain within the same state or
domain of attraction;

e the degree to which the system is capable of
self organization;

e the degree to which the system can build
and increase the capacity for learning and
adaptation.”

On the basis of similar considerations, Bogardi
(2004) highlighted uncertainties due to several
points:

e The question of “how far should vulnerability
be seen as the ‘susceptibility’ alone or being
rather the product of hazard exposure and that
very susceptibility?”;

e The question of what is the proper scale
(national, regional, community, household,
or individual) to capture and to quantify
vulnerability?”;

e The question of “whether (social) vulnerability
can adequately be characterized without con-
sidering simultaneously the response (coping)
capacity of the same social entity.”

The first question can be clarified with help of
Fig. 2, where the “weakness” is assumed to be quite
similar to susceptibility. From a theoretical point of
view, weakness of assets may be dependent on the
intensity of the hazard. Considering that this inten-
sity may vary according to its probability, the study
of vulnerability might lead to as many elementary
studies as the number of various potential hazard in-
tensities. Because of the number of studies that this
theoretical point of view has led to, engineers used
to make a single assessment of vulnerability and thus
make the hypothesis that weakness is independent of
hazard intensity.

The second question was also considered by Ba-
landier (2004), who suggested that similar risk ele-
ments might not have similar importance, depending
on the relative importance of the kind of hazard and
the surface area (country, city, district).

( Risk

)
| Hazard ]( Vulnerability )]
)

-

[Susceptibility] |: Impacts
1

[ Probability] [ Intensity :]'L Fnrseeablej- [Consequencesj
I: Likelihoud} [ Losses ]
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The third question refers to the resilience con-
cept that has already been discussed.

In conclusion, the term “vulnerability” has many
different meanings. It is therefore important to
clearly define the held meaning before any study.
Fig. 2 shows a possible guideline where the vulner-
ability is split into three components:

1. The “weakness” term includes physical vul-
nerability and is linked to the strength of the
assets (buildings and facilities in particular).
The vulnerability increases as the value of
weakness increases.

2. The stakes value includes functional vul-
nerability and is linked to losses associated
with functional damage. The vulnerability in-
creases with increasing stakes value.

3. The “resilience” term is as defined by Klein
et al. (2003). The vulnerability decreases with
the increase of the resilience.

In this synthesis, the assets are used to define el-
ements that may be damaged (e.g., people, buildings,
infrastructures, goods, and activities). The stakes
value is used to define the importance of these ele-
ments because of the cost of repairs or because of the
possible other consequences of their damage (e.g.,
functional damage and social damage).

3.2. Operational Assessment

The above-mentioned theoretical definitions
show that a practical assessment of vulnerability is
very complicated. Nevertheless, several operational
methods have been developed, especially in the seis-
mic field, as described below.

In the United States, the Federal Emergency
Management Agency (FEMA) gives the following
definition of vulnerability:

The vulnerability describes how exposed or susceptible
to damage an asset is. Vulnerability depends on an as-
set’s construction, contents, and the economic value of
its functions. Like indirect damages, the vulnerability of

General definition (UN, 1992)

UNISDR (2005) Fig. 2. Guideline of different definitions
Natural Hazard (MATE, 1997) for the term vulnerability.

Schmidtleim et al. {2008)

Passible synthesis
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one element of the community is often related to the
vulnerability of another. For example, many businesses
depend on uninterrupted electrical power—if an elec-
tric substation is flooded, it will affect not only the sub-
station itself, but a number of businesses as well. Often,
indirect effects can be much more widespread and dam-
aging than direct ones. (FEMA, 2001)

Vulnerability assessment is defined by “the ex-
tent of injury and damage that may result from a haz-
ard event of a given intensity in a given area. The
vulnerability assessment should address impacts of
hazard events on the existing and future built envi-
ronment” (FEMA, 2001).

This definition emphasizes the economic di-
mension of vulnerability over the social dimen-
sion. HAZUS-MH (Hazards U.S. Multi-Hazard)
gives many detailed explanations to identify haz-
ards and assets and to assess the vulnerability for
a large number of different hazards (e.g., earth-
quake, flood, landslide, tsunami, tornado, wildfire,
and coastal storm). Examples written in technical
guides (FEMA, 2001) show that the vulnerability as-
sessment results in the economic estimation of losses.
This estimation takes into account both structural
and functional damages, but does not include dam-
ages that are difficult to quantify.

In the seismic field, the European Macroseismic
Scale (EMS 98) used vulnerability in the strict sense
of building strength:

[It] incorporates a compromise, in which a simple dif-
ferentiation of the resistance of buildings to earthquake
generated shaking (vulnerability) has been employed in
order to give a robust way of differentiating the way
in which buildings may respond to earthquake shaking.
The Vulnerability Table is an attempt to categorise in a
manageable way the strength of structures, taking both
building type and other factors into account. This is a
development from previous scales, which used only con-
struction type as an analogue of vulnerability. (EMS 98)

Nevertheless, the seismic field has a strong
foothold in the development of the term vulnerabil-
ity. Recent studies have shown an increase in assess-
ment of both social and material vulnerabilities. Ba-
landier (2004) listed different types of elements at
risk (e.g., urbanized areas, roads, networks, power
plants, and community facilities) that are relevant for
social vulnerability.

Also in the seismic field, Teramo et al. (2005) in-
troduced a methodology of urban and territorial seis-
mic vulnerability assessments related to both engi-
neering studies and social priority levels. They first
highlighted the impossibility of administrations be-
ing able to plan suitable prevention interventions
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through usual approaches on the basis of the build-
ing weakness and the earthquake loss estimates (as
in the EMS 98 case). They identified different vul-
nerabilities related to three kinds of elements:

1. the vulnerability related to the “morpho-
typological characters of buildings” (as the
EMS 98 vulnerability);

2. the vulnerability related to “the collective or
public system” (distribution of services, pro-
ductive assets, and public buildings); and

3. the vulnerability related to “the critical spatial
elements” (streets, safety routes, and strategic
structures).

Each type of vulnerability is assessed with two
functions that model the seismic weakness/reliability
and the social or strategic priority levels within the
system.

Itis important to note that vulnerability is always
a subjective concept due to the number of different
stakeholders, administrations, or insurance compa-
nies who have to support the consequences of hazard
occurrences. The results of vulnerability studies are
dependent on the end user.

The following section describes the example of
the risk assessment methods used in the iron-ore field
in Lorraine and focus on the evolution of the vulner-
ability assessment. The final objective of this article is
to suggest some improvements on the basis of theo-
retical definitions of vulnerability and practical meth-
ods that are actually used in other contexts.

4. EVOLUTION OF THE VULNERABILITY
CONCEPT AND ITS METHOD OF
ASSESSMENT IN THE IRON-ORE
FIELD BETWEEN 1996 AND 2005

4.1. The First Ranking System

In reaction to recent subsidence events in Lor-
raine in 1996 (Auboué), 1997 (Moutiers), and 1999
(Roncourt), and sinkholes in 1998 (Moyeuvre), pub-
lic authorities ordered investigations to understand
the extent of the problem.

Because of the lack of knowledge regarding sub-
sidence phenomena, a first ranking system was based
on two main considerations:

1. the subsidence probability, through the value
of the extraction ratio; and

2. the subsidence intensity, through the value of
the maximum expected vertical subsidence.
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Maximum subsidence < 1 m

Maximum subsidence < 2.5 m

Maximum subsidence > 2.5 m Forbidden

Surface of building < 400 m?, maximum length < 25 m,
number of floors < ground floor + 3

Surface of building < 150 m?, maximum length < 15 m,
number of floors < ground floor + 1

Table II. First Ranking System of Risk
in the Iron-Ore Field and the
Associated Recommendations

This first ranking system was in agreement with
the regulations of the French urban code (Articles
R111-2 and R111-3). It defines three kinds of areas,
depending on the maximum possible subsidence and
associated recommendations for building projects
(Table II; Kouniali, 2001).

This first ranking system is called step 1 (Fig. 3).
It deals mainly with the urban side of vulnerability
and is unsuitable for other aspects of vulnerability,
especially human, social, and economic.

4.2. The Multicriteria Ranking System

Supplementary investigations were necessary to
perform a more detailed hazard assessment and for
the human vulnerability assessment. Merad et al.
(2004) developed a method on the basis of a multicri-
teria analysis. The mathematical functions included
in the method allow management of a “complex
decision-making problem where the available infor-
mation is uncertain and imprecise and where knowl-
edge is incomplete” (Merad et al., 2004). This method
uses weighted factors for all criteria and stresses their
relative importance in the risk assessment.

In this method, each area is described by a set
of criteria that characterizes the hazard (probability
and intensity of the subsidence) and the vulnerabil-
ity. Each criterion is then compared with threshold
values in order to decide if the given criterion cor-
responds to a slight, medium, high, or very high risk
area. These elementary results are then counterbal-
anced by a weighting factor and aggregated to deter-
mine the final risk level. For example, if the values
of three criteria A, B, and C with respective weight
factors of 2, 1, and 5 are characteristic of a medium
risk for A and B and a high risk for C, then the fi-
nal risk level will be high. This example is simplis-
tic. The many nuances of this method are not de-
tailed in this article, but are provided by Merad et al.
(2004).

This methodology has been applied to con-
structed areas (civil security objectives). One of the
main goals of the multicriteria ranking system was
to identify areas requiring specific surveillance be-
cause of their high risk level. This leads to the sec-

ond and third steps of Fig. 3, which concern asset
identification, hazard intensity, and the final risk level
(Table III). An extension of the methodology has
been applied to nonurbanized areas in a land-use
planning perspective.

Two kinds of assets were studied: buildings and
infrastructure assets. Fig. 4 shows the methodology
used to determine the vulnerability of each kind
of asset and the values of the selected weight fac-
tors. In the case of buildings, no other asset is taken
into account. Buildings’ assets are then assessed with
one criterion that may have five values, from “busi-
ness park,” which corresponds to a small vulner-
ability level because of its single daily activity, to
“city,” which corresponds to the highest vulnerabil-
ity level because of its daily and nightly activities
and the number of affected people. This typology is
mainly devoted to population safety and to a lesser
degree to economic or structural vulnerability, al-
though those kinds of vulnerabilities are indirectly
taken into account since they increase with popula-
tion. The associated recommendations are listed in
Table III. The cost of real-time monitoring may be
estimated at about €120 per habitant per year. The
decision to consider only one of the two asset types—
buildings assets and infrastructure assets—shows that
this methodology and the associated recommenda-
tions are geared toward human vulnerability. It will
not be an effective assessment of other vulnerabil-
ities connected to physical damages and their con-
sequences (e.g., damage to buildings and economic
losses).

The weight factors linked with the probability,
intensity and vulnerability criteria raise an important
question connected with the previous definition of
risk. If risk is the product of hazard and vulnerabil-
ity, does the sum of the weight factors for each com-
ponent have to be equal? In this case, the sum of the
weight factors related to the hazard criteria reaches
the value of 46, while the sum of the weight factors
related to the vulnerability criteria reaches “only” a
value between 2 and 14, depending on the assets in
the area. This difference produces results that are
more dependent on hazard than on vulnerability.
Consequently, this multicriteria ranking system may



Vulnerability Assessment of Mining Subsidence Hazards

iy
Step 1 :Identifica

basis of maximal subsidence. areas,

. Maximal subsidence > 2.5m

. Buildings assets

[— i Maximal subsidence < 2.5m

Maximal subsidence < Tm

1387

Step 3 :Identification of different kinds of
hazard areas and evaluation of level of
monitoring of areas with stakes

- Brutal subsidence hazard

Possible brutal subsidence hazard

Soft subsidence hazard
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Fig. 3. Development of risk assessment in the Lorraine iron-ore field.
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Level 1 of surveillance area
Very high risk

Level 2 of surveillance area
High risk

Level 3 of surveillance area
Medium risk

Level 4 of surveillance area
Slight risk

Real-time monitoring

Periodic monitoring, which will become real time
at the first forewarning

Supplementary investigations are required to assess
the need for periodic monitoring

No monitoring is required; only leveling
measurements are made

Table III. Second Ranking System of
Risk in the Iron-Ore Field and its
Associated Recommendations

X

=)=

( Vulnerability j

( Probn-hllityofmmecnllﬂpse) 5 criteria

1 criteria - Presence and kind of buildings | elted building
— Jolned Buildings

Buildings assets in
the subsidence area

4 criteria : Presence any kind of road
Presence any kind of railway
Presence any kind of underground netwark
—— Presence any kind of aerial network

Mo bulldings assets
in the subsidence

wigth factors of probability criteria: 13

i . ; . 4 criteria
ntensity of subsidence welgth factors of Intensity criterla : 23

Bursiness park

Village with long buildings

wotigth factors of vulnerability : 10 it
ity

Presence of bridge

weigth factors of each criteria included in 2 and 4
weiggth factors of vulnerability included in 2 and 14,
depending on the number of assets kind.

Fig. 4. Description of criteria and weight factors used in the actual assessment of risk, hazard, and vulnerability in the iron-ore field.

be criticized because it focuses on hazard assessment
rather than on risk assessment.

4.3. The Mining Risk Prevention Plan

The last step for the mining risk assessment and
management is currently in its completion stage. The
mining risk prevention plan (MRPP) will provide a
legal framework for all municipalities to identify both
hazards and the current or foreseen assets in their re-
gion. These plans aim to identify the most sensitive
areas with regard to risk development and establish
rules for the proper management of regions accord-
ing to postmining constraints. The MRPP was intro-
duced by Didier and Leloup (2005). It consists of four
steps (Fig. 5).

The “assets assessment” step aims to identify all
existing assets within the studied region, as well as
possible future projects. It enables the identification
of threatened populations and the most sensitive in-
frastructure. This step produces a map of assets. Sev-
eral maps may be generated to fit the goal of the
study (e.g., civil security and land-use planning).

Step 1:
Mining exploitation data collection and structuring

Step 2:
Hazard assessment

v

Step 3:
Stakes assessment
Step 4.

Rules and regulations for existing and future constructions

Fig. 5. Description of the four steps of the mining risk prevention
plan.

The MRPP framework is intended for applica-
tion over potentially hazardous mining fields. Its or-
ganization is based on the experience of existing
prevention plans for other hazards (e.g., floods and
fires). The MRPP global methodology is the result
of the experience of the former REP (risk expo-
sition plan) that was applied in the 1980s. Within
the REP, vulnerability was assessed through an
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exhaustive study of susceptibilities. At the scale of a
town, this task appeared to be too complex and long.
This led to the requirement that the MRPP method-
ology be simple and produce results quickly.

In Lorraine, the MRPP has been implemented
in all municipalities affected by the hazard without
modifying the global ranking between these munici-
palities. There is no significant difference in terms of
vulnerability assessment compared to previous stud-
ies. More generally, the application of the MRPP will
not provide methods to assess the vulnerability of
the municipality or the framework needed to esti-
mate losses. Thus, it can be concluded that the MRPP
is mainly used to define rules in order to avoid any
risk increase from unsuitable projects, and not for the
accurate assessment of the existing vulnerability and
possible losses.

Consequently, the objective of the next section is
to identify and suggest possible improvements to the
current methods so that they include a better assess-
ment of the vulnerability.

5. IMPROVEMENTS FOR A BETTER
VULNERABILITY ASSESSMENT

The suggested improvements are mainly based
on methodologies used in the United States with
HAZUS-MH, in Europe with EMS 98, and in a re-
port for the Ministry of Environment and Sustainable
Development and the Ministry of Industry, Economy
and Finance (Deck, 2003) that suggested the need for
improved methods of assessing vulnerability in the
Lorraine iron-ore field.

5.1. General Objectives of the Improvements

e At present, there are two different geographic
scales for the study of vulnerability. The first is
the scale of the entire Lorraine iron-ore field,
which includes more than 100 cities and vil-
lages affected by the mining hazard. This is the
scale of the multicriteria analysis that permits
a ranking of every urbanized area (small vil-
lages or districts) in comparison with one an-
other and guarantees the standardized evalua-
tion of the towns’ vulnerabilities. At this scale,
the goal is to classify the cities into a small
number of risk levels. Thus, any improvement
that would lead to a detailed estimation of pos-
sible losses would not be very effective. The
second scale is the city scale, which is the scale
of the MRPP. At this scale, the results could be
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an accurate evaluation of the possible losses.
This article focus on improvements adapted
to the larger scale of the entire iron-ore
field.

e Analysis of the literature shows that any vul-
nerability study should take into account both
physical damage to buildings and infrastruc-
ture that depends on the weakness, and func-
tional damage that depends on the stakes value
and the resilience (Fig. 2). The multicriteria
analysis uses a very small number of criteria
that confuses these three dimensions of vul-
nerability, underestimates the functional con-
sequences, and does not take into account re-
silience. Moreover, the weakness assessment is
simplistic and, in particular, no distinction is
made between the different buildings, whereas
physical damages are strictly dependent on the
building materials and design. The improve-
ment of this method is a major objective of this
article.

e The current rankings (carried out at the large
scale) appear to give more importance to the
hazard criteria than to the vulnerability crite-
ria, as indicated by a comparison of the sums
of their respective weight factors (Fig. 4). This
probably reflects the skills of the experts who
performed this analysis. It is clear that the risk
analysis is made by engineers, who are more
familiar with the hazard concept than with the
vulnerability concept, which has multiple top-
ics that they are not specialized in, including
social, political, and economic factors. Giving
exactly the same weight to the vulnerability
and hazard criteria comes from a theoretical
point of view, but poses difficulties. Increasing
the vulnerability weight factors results in direct
safety measures for vulnerable areas, although
no certainty exists concerning the hazard oc-
currence. Conversely, a decrease in the vulner-
ability weight factors causes limits to the safety
measures in high-probability hazard areas. The
adjustment of both the hazard and the vulner-
ability with equivalent weight factors is one of
the most important objectives of this work.

5.2. Comparison with HAZUS-MH

HAZUS-MH is a standardized methodology and
risk assessment software program for analyzing po-
tential losses from floods, tornadoes, tsunamis, land-
slides, coastal storms, wildfires, and earthquakes. The
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methodology is explained in a large number of tech-
nical manuals edited by the FEMA.

HAZUS-MH gives a methodology for risk as-
sessment with five steps that can be compared to the
four steps used in the MRPP (Fig. 6; FEMA, 2004).
The first two steps are comparable, but the third and
fourth steps of the HAZUS methodology are com-
bined into a single step in the current MRPP. The
HAZUS methodology has a more in-depth stakes
value assessment with two distinct steps: the asset
inventory and the losses estimation. Consequently,
the current methodology should be amended to go
further in the stakes value assessment. The HAZUS
methodology is well adapted to the city scale but is
not intended to rank cities Consequently, it is not di-
rectly applicable to the improvement of the ranking
of hazard areas in the iron-ore field. Nevertheless, it
provides important suggestions to improve the mul-
ticriteria analysis and the MRPP.

FEMA (2001) explained that it is necessary
to gather building- and hazard-specific information
about particular assets or critical facilities. Five cate-
gories are identified: (1) essential facilities (e.g., hos-
pitals, police stations, and schools), (2) transporta-
tion systems (e.g., airports, highways, railroads, and
waterways), (3) lifeline utility systems (e.g., potable
water, wastewater, natural gas, electric power, and
communication systems), (4) high-potential-loss fa-
cilities (e.g., nuclear power plants, dams, and mili-
tary installations), and (5) hazardous material facili-

Step 1:
Identify Hazards

Step 2:
Profile Hazards

!

Step 3:
Inventory Assets
Task A : Determine the propartion of buildings, the value of buildings,
and the population located in hazard areas
Task B : Determine whether (and where) it is necessary to collect
additional inventory data
Task C : Compile a detailed inventory of what can be damaged by a hazard event

Step 4
Estimate Losses

Task A : Determine the extent of damages
Task B: Calculate the loss from each hazard event

Step 5:
Consider Mitigation Options

Fig. 6. Methodology for risk assessment with HAZUS-MH
(FEMA, 2004).

Deck, Verdel, and Salmon

ties. The suggested improvements to the multicriteria
analysis take these categories into account.

HAZUS-MH provides a complex methodology
that is based on the use of vulnerability and fragility
curves and a large number of relevant ratios to assess
the building vulnerability and the potential losses.
Vulnerability curves show the relationships between
the mean damage for a given type of building and the
value of the event intensity. The development and
validation of such relationships for the mining subsi-
dence hazard is a difficult undertaking that is beyond
the scope of this article. In addition, this approach to
studying building vulnerability appears to be much
too detailed at the large scale, where multicriteria
analysis is used, but it is effective for the MRPP scale.

FEMA (2002) also provides a simpler methodol-
ogy for a rapid assessment of building vulnerability.
Each building is characterized by a score on the ba-
sis of the type and particular features (e.g., height,
irregularities, and soil type). Table IV gives descrip-
tions of six selected building types that are the most
comparable with buildings in the Lorraine iron-ore
field. Application of this methodology appears to be
an effective tool to improve the MRPP but is still
much too detailed to improve the actual multicriteria
analysis. However, building classification by defining
a small number of easy to recognize types for all con-
cerned cities is a possible improvement.

5.3. Comparison with EMS 98

The European Macroseismic Scale (EMS 98) fo-
cuses on the “weakness” term of vulnerability. It
gives a simpler methodology that is based on the def-
inition of six vulnerability classes. All building types
are classified into these six classes (Fig. 7). Building
losses are assessed by an empirical relation between
the proportion of damage in each vulnerability class
and the seismic intensity. Comparison with Table IV
shows that the common buildings of the Lorraine
iron-ore field are basically classified into three classes
(B, C, and D). This methodology appears to be more
detailed than that presently used and has the poten-
tial to provide effective comparisons of the global
vulnerability of a large number of different villages.
It should be noted that the EMS does not account for
functional damage or resilience.

5.4. Final Propositions

In this section, proposals are adapted to the
country scale to improve the multicriteria analysis.
They are presented in Fig. 8.
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Basic Score (Building

Building Vulnerability Increases with

Type Description Smaller Values of the Score)
Table IV. Descrlpt.lon of SD? Building C1 Concrete movement-resisting frame 3.0

Types and Associated Basic Score
g 2 Concrete shear wall 3.6
Among the 15 Used for a “Rapid Visual . .
. o as . C3 Concrete frame with unreinforced 32
Screening of Buildings for Potential masonry infill
Seismic Hazards™ (FEMA, 2002) RM1 Reinforced masonry with flexible floor 3.6
and roof diaphragms

RM2 Reinforced masonry with rigid diaphragms 34
URM Unreinforced masonry bearing-wall buildings 34

Type of Structure Vulnerability Class
|IABCDEF
rubble stone, fieldstone :O
1
adobe (earth brick) oA
E simple stone '-«O
-.%_ massive stone l—o- -
£ unreinforced, with
manufactured stone unils | O I
unreinforced, with RC floors RO
reinforced or confined I' O-—I
1
o frame without
% earthquake-resistant design (ERD) l" "_O “I
Z  frame with moderate level of ERD } —|
.
Z  frame with high level of ERD ==
5]
&  walls without ERD }*O-'
3 walls with moderate level of ERD I—--o-—'
=
Z  walls with high level of ERD . HOH
- |
@ steel structures }.. ..._O._l
w
2 timber structures : —|
= |
Omusl likely vulnerability class; — probable range;

===range of less probable, exceptional cases

Fig. 7. Distribution of 15 current building types into six vulnera-
bility classes (EMS, 1998).

For a more accurate vulnerability assessment,
the very weak elements must be simultaneously con-
sidered in the analysis. In accordance with the litera-
ture and the methodology defined in HAZUS-MH, it
is necessary to split vulnerability into different com-
ponents.

For buildings, the current method assesses vul-
nerability through one criterion that characterizes
the global nature of the buildings. However, we pro-

pose dividing building vulnerability into two com-
ponents: “weakness” and “stakes value.” For net-
works, we chose to keep a single criterion but it is
defined quite differently. These choices address the
problem because most urbanized areas are small, and
previous subsidence occurrences have shown that
buildings were the most critical structures due to
their weakness and function. Second, the use of ex-
plicit criteria for the weakness allows the considera-
tion of the seismic field results as a model for these
criteria.

Fig. 9 shows different kinds of buildings classi-
fied into four classes of weakness. Class A character-
izes buildings with the lowest strength, while Class
D characterizes the strongest buildings. This classifi-
cation is modeled on that used in the EMS 98. We
based our proposal on statistical studies performed
on damaged buildings in Lorraine (Deck, 2003) and
on an architectural study on the typology of buildings
for typical villages in Lorraine. Traditional build-
ings generally fall into Class A. Individual buildings
with concrete masonry and basic reinforcement at
the floor levels and around openings can be grouped
into Class B. Tall buildings with reinforced concrete
walls and floors are in Class C. This typology may
be compared with the literature. Existing methods
of building damage assessment in subsidence areas
show that masonry buildings are weaker than con-
crete buildings and that building reinforcements re-
duce building damage (Kwiatek, 1998; Yu et al., 1988;
Kratzsch, 1983). The final distribution of building
types into weakness classes should be adapted with
further investigations.

Fig. 9 can be used to determine the number of
buildings in each weakness class. This results in the
consideration of four criteria to assess the building
weakness, which are the numbers of Class A, B, C,
and D buildings. These criteria are directly associ-
ated with the economic losses of subsidence because
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Buildings vulnerability

ol

Vulnerability

LoJ =

( )

4 criteria of Weakness:

Number of type A buildings
Number of type B buildings

Number of type C buildings
Number of type D buildings

1 criteria of Stake Value : Importance of consequences with regard to the buildings

+

Subsidence area

with buildings
and/ar
infrastructures

Infrastructure vulnerability

5 criteria of Vulnerability :

Vulnerability of the area with regard to the roads

Vulnerability of the area with regard to the railways

Vulnerability of the area with regard to the underground networks
Vulnerability of the area with regard to the aerial networks
Vulnerability of the area with regard to the bridges

Fig. 8. Propositions to better assess vulnerability in the iron-ore field. The vulnerability is assessed with both building and infrastructure

assets.

Kind of building Weakness class
A B C D
Bricks without reinforcement .-—‘
Bricks with reinforcement ] .
Bricks with special dispositions against subsidence 1 . I
Reinforced concrete without dispositions against subsidence ] .
Reinforced concrete with dispositions against subsidence __.
. More probable class Possible class

Fig. 9. Distribution of building types into four classes of weakness
for the building vulnerability assessment in subsidence hazard ar-
eas. “A” indicates the weakest buildings and “D” the strongest.

the Class A buildings will sustain more damage than
Class B buildings for similar subsidence phenomena.
These four criteria do not relate to social or environ-
mental consequences of building damage, or to the
resilience.

For this reason, we define another criterion
(stakes value) for the qualitative assessment of stakes
value connected with buildings that takes into ac-
count the resilience, and is concerned with the degree

to which the village is capable of self-organization.
Table V describes three possible levels for this crite-
rion. If we compare these levels to the five categories
of critical facilities identified in HAZUS (FEMA,
2001), it can be concluded that a slight stakes value
means that there are no critical facilities of concern,
a medium stakes value means that some critical facili-
ties may be slightly affected, and a strong stakes value
means that some critical facilities may be strongly
affected.

For the infrastructure vulnerability assessment,
we chose to keep the same number of criteria (five)
for the current method, but altered the meanings in
order to take into account both the weakness and the
stakes value. Because of the comparison between the
lowest levels of vulnerability importance of infras-
tructure and buildings, and the necessity of a relevant
method for risk assessment, it is necessary to incor-
porate the weakness into the assessment of a single
vulnerability criterion for each of the five kinds of in-
frastructure: roads, railways, underground networks,
aerial networks, and bridges. Table VI describes five
possible levels for each of these five criteria. This
assessment follows the thesis of Zihri (2004), and

Table V. Indicators of Stakes Value Connected with Buildings

Slight Medium

Strong

Individual consequences
due to a slight value of
stakes or a small
quantity of possible
damaged buildings

Collective consequences due
to a high importance of
stakes or a large quantity of
possible damaged buildings

Consequences throughout the
society are possible (social
and economic equilibrium)

Collective consequences with the possibility of a series of accidents; in

addition to the collective consequences previously described, a
possibility of a series of accidents exists due to the very high stakes (e.g.,
hospitals and emergency services) or because problems are identified in
the hazard area (e.g., chemical factories and petrol stations)
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Table VI. Indicators of Damage Levels Due to the Infrastructure Weakness and Stakes Value

Null Slight Medium

Strong Very Strong

No infrastructure Combination of weakness, stakes value, and resilience of the infrastructure leads to the assumption that the damage

in the area will only affect:

A few people
(individual
consequences)

at the village scale

People and economy  People and economy at the
administrative region scale

People and economy at the scale of several
administrative regions or the national
scale

Table VII. Comparison Between the Current and Proposed Methods of Vulnerability Assessment

Current Method

Proposed Method

One criterion for The entire area is classified as a
building vulnerability village

One criterion for
building stakes

Five criteria for
infrastructure
vulnerability

The five vulnerability criteria of
infrastructures—bridge, road,
railway, aerial network, and
underground network—are not
taken into account because of
the presence of buildings

Four criteria for
building weakness

Five criteria for
infrastructure
vulnerability

The four criteria of building weakness for the
assessment of possible economic losses:

5 buildings in Class A

15 buildings in Class B

22 buildings in Class C

8 buildings in Class D

Medium value of stakes connected with buildings
due to the important number of concerned
buildings and due to the difficulty in relocating
people

Medium value for road infrastructure vulnerability

Null values for railway and bridge infrastructure
vulnerability because it is nonexistent

Slight values for aerial and underground network
because some damage is possible

integrates the weakness, the stakes value, and the re-
silience concept, with the understanding that the so-
cial, economic, and political response of the commu-
nity is required and then assessed.

Table VII shows a comparison of a theoretical
area between the current method of vulnerability as-
sessment and the proposed one. The example as-
sumes an area with 50 buildings, one main road, two
shops, without possibility of relocating people within
10 km, with a public debate and a population that is
highly informed about the risk of subsidence.

6. CONCLUSION

The study of vulnerability for risk assessment is
complex because of the gap between the social ex-
pectations and the difficulty in formalizing a coherent
and unbiased methodology.

A bibliographic study identified different con-
cepts for possible inclusion in the definition of vul-
nerability. We chose to consider three elementary
components within the vulnerability concept: the
weakness, the stakes value, and the resilience. The
weakness characterizes the possible structural dam-

age to physical elements such as buildings and infras-
tructures and is directly connected to the economic
loss due to reparations. The stakes value character-
izes the importance of other damages to other aspects
(e.g., social, economic, and civil) that are affected by
the damaged physical elements. The resilience char-
acterizes the ability to recover from damage.

All of these three components are very subjec-
tive. Several preliminary considerations are neces-
sary to define the meaning of vulnerability before
using it in a risk assessment study, including the
following:

e What is the scale of the study (national, re-
gional, or community)?

e What is the balance between the weight factors
for the hazard criteria and for vulnerability cri-
teria? An upper weight factor for vulnerability
favors civil protection, while an upper weight
factor for hazard favors land-use planning.

e What are the components of vulnerability
that must be taken into account? Weakness,
stakes value, and resilience assessment may
be very subjective and require interdisciplinary
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studies. Improvements suggested for the vul-
nerability assessment in the Lorraine iron-ore
field show a pragmatic but subjective method
of considering these three components.

These questions need to be answered prior to
any vulnerability study. They all refer to the ques-
tion of who is the end user and what will the results
be used for? Inappropriate use of a vulnerability
assessment study can cause much confusion; some
aspects may be relevant for one objective or a spe-
cific end user but not for others. In a single haz-
ard area, vulnerability will be very different for one
citizen with individual concerns than for the munici-
pality with collective concerns or for insurance com-
panies with business concerns.

The case of the Lorraine iron-ore field illustrates
the complexity of vulnerability assessment, which
may require several consecutive studies to fully an-
alyze and understand the present hazard. A conse-
quence of these studies is the development of the
ranking system and the necessity of explaining it to
both citizens and end users. This highlights the ne-
cessity of clarifying the study objectives to prevent
results from being misinterpreted.

Finally, this study suggests possible improve-
ments to the current multicriteria analysis and the
MRPP developed for the iron-ore field on the ba-
sis of two important methodologies used in Europe
(EMS 98) and in the United States (HAZUS-MH).
Suggested improvements mainly concern the priori-
tization of risk between large numbers of hazard ar-
eas on the basis of a more rigorous assessment of
the vulnerability. Comparison of the methodology of
the MRPP with the HAZUS-MH shows that the first
three steps are comparable: identification of hazards,
assessing hazards, and identification of assets. How-
ever, it appears that the MRPP lacks effective meth-
ods of damage assessment and loss estimation. The
vulnerability curves that relate the subsidence inten-
sity to the building damage for each building type are
a promising direction for further research.
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