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Abstract:

The extraction of ore and minerals by undergrouridimg often causes ground subsidence
phenomena and may result in severe damage to tgsldRisk analysis in subsidence regions requires t
assessment of both the hazards to and vulnerabilityearby buildings. However, many uncertainties
exist and this assessment and its representatiarelasre still a complex objective. For this puspoa
damage simulation tool is developed to investigadeard and vulnerability under several possible
scenarios of mining subsidence in which a largelemof buildings may be affected. Ground movements
assessment is based on the influence function miethod building damage is estimated using

vulnerability functions.

A case study is presented to illustrate the differeesults given by the damage simulator.
Uncertainties about the collapsed zone of the mminfluence angles lead to the definition of efiéint
possible scenarios. A relative occurrence prolighdithen defined to implement a probabilistic Egagzh
to the hazard and vulnerability assessments. Biffteresults, more or less synthetics, can therbtarned
to assess both hazard and vulnerability over tipesed city. These results are compared and thamabxi
horizontal ground strains and the mean damage agpebe the most effective and relevant way to

address the question. A final ranking based orirsgas then provided.
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1. Introduction

Risk assessment and mitigation is a key concerrif@ms affected by natural hazards. These tasks
require both an accurate prediction of the hazataacareful evaluation of building vulnerability $pite
of the existence of several uncertainties. In texirsettings, the hazard can be quantitativelgdesd as
“the likely frequency of occurrence of differentansities for different areas” [1] and vulneraliléts “the
conditions determined by physical, social, econpraicd environmental factors or processes, which
increase the susceptibility of a community to thmpact of hazards” [2]. However, the term

"vulnerability" is frequently used in the strictnse of building strength.

In recent years, different risk assessment metlogiles have been developed and incorporated in a
considerable number of different software ([3],,[f8], [6]). Such softwares and methodologies may
significantly improve the assessment and the vizatabn of both hazard and vulnerability at a cdtale.

A first conclusion is that such approaches are adigtuiseldom developed in the context of mining
subsidence hazard. Recently, Malinowska and Hejmskia([7]) proposed a risk assessment method for
mining subsidence zones with GIS data. This metkpdesents an advance in risk assessment techniques
for mining subsidence but is not comparable witisting methods for risk assessment associated with
other natural hazards. Firstly it uses an empirmalding damage assessment instead of vulnerabilit
functions mainly used otherwise. Secondly this mettioes not consider the uncertainties in the tamm
parameters of the risk assessment, namely, builthngage and hazard assessment, while this objestive

crucial in this paper.

The objective of this paper consists into the dgwelent of a probabilistic approach of the building
damage assessment and the analysis of the possiés that may help for the risk assessment.firbis
leads to develop software named mining subsideaceade simulator (MSDS) in the following. This
paper focuses on the influence of uncertaintieschwis a key point for risk management and maycaffe
both the building vulnerability and the hazard asssent. Uncertainties about vulnerability are fiagen
into account through vulnerability curves, whicle dxased on the definition of a building typolodye t

use of a hazard intensity criterion and the definibf a damage scale.

Vulnerability curves are relationships betweendhmage mean valyg, for a given type of building
and the value of the hazard intensity. They areeld@ed for each building type, and they allow ackui
and realistic damage assessment of all the budihgt are grouped into the same type. Vulnergbilit

functions can be calculated with the fragility cesvand Eq. (1) [8].

tp = X Px. Dy (1)



Where b is the mean damage for a particular value of liaaaensity, D« the damage level
between 0O to 5 for a five levels damage scBle= 0 for no damage anbs =5 for very severe damage)

andPx is the probability of a damage le\@l.

The use of vulnerability function is now a commoaywo assess building damage for many
natural hazards ([3], [8], [9]). However, they raguknowing the value of the hazard intensity, veaer

this is also an uncertain parameter.

From a theoretical point of view, if uncertaintims hazard may be assessed by defining different
possible scenarios with different intensities anobpbilities, then risk management requires to esklr
the building damage assessment by considering ti@ewpossible scenarios. Methods used to define
these scenarios may be specific for each kind péteha In the following, a methodology based on both
expertise and computations is developed in thel fadl mining subsidence hazard to assess a set of
scenarios. The MSDS is applied to this set of stesidn order to develop a probabilistic assessnént

the vulnerability. Different strategies are invgatied to synthetize the results.

This paper is organized into 3 sections. Firstiseds a description of the mining subsidence hézar
and methods used in the MSDS in order to assedsuilting damage in relation to the characteristits
both the underground mine, overburden and buildiBgsond section focuses on uncertainties and more
specifically on the description of the methods usedefine a set of realistic scenarios. Third isects
the development of the probabilistic assessmethefulnerability taking into account all uncertees.

A case study is investigated through these diffesentions.

2. Development of the mining subsidence damage smulator (M SDS)
2.1. Underground mines and subsidence

Underground mining operations cause ground subs&ldrhis phenomenon leads to horizontal and
vertical ground movements, which lead to defornmatd and damage to buildings in undermined urban

areas (



Fig. 1). The maximum vertical displacement may heaeveral meters [10]. This vertical
displacement is accompanied by horizontal grouradrst, ground curvature and slope, the three tppes
ground movements that may cause structural dantzemending on the mining extraction method used,
whether it is longwall or rooms and pillars withwithout caving of pillars, subsidence can be p&hrin
some cases it can also be unexpected a long titee the extraction. In all cases, the prediction of
building damage is necessary when subsidence ectegbin an urbanized area [11]. This paper mainly

focuses on mining area with abandoned rooms atadgihines that may induce unexpected subsidence.

Many countries are concerned with mining-subsidéndaced damage (for example, England, the
United States, Poland, Germany, France, South &frindia, China and etc.). Therefore, different
methods have been developed to assess ground matvemirical ([12], [13]) or analytical ([14], [1b
The most important parameter used to quantify thsiglence intensity and assess the building damsage
the horizontal ground strain. These two kinds ofhnds may be used to develop vulnerability curegs f

different buildings types ( [16], [17]). These caswvill be used in the following.

2.2. Principles of the M SDS

The MSDS aims to use a geographical informatiotesygGIS) for the representation and the spatial
localization of both the buildings and undergroumides. Its objective is to assess and represetutifogii
damage for any specific mining subsidence. The M8DBased on a very simple scheme illustrated in

Fig. 2 with the following input and methods:

a) a method to predict the subsidence parametersabgeographical area due to the collapse of a
mine or part of it (vertical subsidence, curvatarel horizontal ground strain). As Malinowska
and Hejmanowski [7], the influence function meth@d chosen because it allows realistic
assessments for any shape of the underground niiég This method is based on the
superimposition principle [10] and uses a set capeeters that must be adjusted in relation to any
specific case study. In the perspective of the ldpweent of a probabilistic approach, these

parameters can be assumed uncertain;

b) wvulnerability functions to assess building damage tb mining subsidence, based on Saeidi et al.
2009 and 2012 ([13], [17]). For each case studyg,rdquires to classify each building into a given
typology and to develop specific vulnerability cesv In the perspective of the development of a

probabilistic approach, the vulnerability functianay also be assumed uncertain;

c) a set of realistic subsidence scenarios in relatiotme characteristics of the underground mines.
Each scenario corresponds to a mining area thegsismed to collapse. In the perspective of the

development of a probabilistic approach, the esaetpe of the collapse mine can be assumed
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uncertain;

d) the use of a building database that consists afjiizéd map of the studied area with the exact
coordinates of all the buildings and the mechanaradl geometrical characteristics of each

building (building typology);

e) a calculation module, developed with Mathematicg®8]j, that enables the damage of each
building to be assessed depending on its charsitsri(vulnerability or fragility curve) and the

local ground movements (Fig. 2);

The following section describes the methods usegrtmlict the subsidence parameters and the
vulnerability functions. Then, a case study is Btigated with a first analysis that considers a
deterministic hazard, i.e., a given subsidence te\nally, a second analysis is performed to timite
account uncertainties associated with hazard assessi.e., a set of possible subsidence, andwelole

a probabilistic assessment of building vulnerapilit

3. Methods used to predict the subsidence hazard and the building vulner ability
3.1. Subsidence hazard

There are several methods used in mining engirgeddnthe prediction of the subsidence ground
movements. These methods can be classified asieatpiemi-empirical, analytical or numerical Ader
description of these methods can be founded intéket and Reddish [10].

Numerical methods make use of various methods tiiiee finite elements method, the distinct
elements method or the finite differences methdakse methods can be very accurate when validated, b
their application at a specific site and or in atae context is highly dependent on the availaddéa
regarding the local geology, the mechanical progerof the overburden and sub-surface rock/soil.
Moreover calculating a three dimensional predictbthe subsidence may require a large computdtiona
effort [19].

Graphical methods are derived from analysing aerexte field database collected over many years
from mining subsidence in one country. A disadvgataf these methods is that they are developed in
relation to a specific context and cannot be usild &ccuracy in other contexts. A well-known exaenpl
has been developed by the NCB ([12]), which hasigeal several abacuses that can be used to predict

subsidence for simple geometry mines (rectangular).



The profile function methods are based on mathealatinctions that have been obtained by a curve
fitting procedure to match the predicted profilehmdbserved profiles [10]. Many profile functionea
available for subsidence prediction [10]. These hoé$ suffer from the same disadvantage as the
graphical methods: they can be used only in specibintexts [7]. Another disadvantage is that these
methods are developed to predict a two dimensisuiagidence profile and are not intended to predect

whole three dimensional subsidence.

Influence function methods (IFMs) were developedRen et al. ([20]) and are used extensively
([10]), ([21], [22]) to predict mining subsidenc&hey are based on the superposition principle and
address the displacements induced by a subsidénaegiwen point as the sum of the displacements
induced by the subsidence of elementary miningsufihe superposition theory is only valid for pyrel
linear elastic phenomena, while important inelastid nonlinear phenomena actually occur during
subsidence ([16]). Consequently, different coeffité are suggested to adjust the results of the
superposition ([10] ,[23]).

Nevertheless, IFMs present several advantages cethpa other methods for the three dimensional
prediction of subsidence. First, these methodsbeansed with any type of mine geometry; empirical a
semi-empirical methods are restricted to simplengsades. Secondly, these methods can be used to
simultaneously assess vertical and horizontal gtonovements induced by the subsidence at each point
of the surface. In particular, the horizontal grdwstrain can be calculated everywhere and then tesed
assess the building damage ([13], [17]). This methas then be chosen for implementation in MSDS and

is further explained in the next section

3.2. Influence function method

This method is based on the superposition principlé addresses the displacements induced by a
subsidence at a given point as the sum of the atispients induced by the subsidence of elementary
mining units. For example, i ands, are the vertical subsidence of surface pointsezhby the collapse
of the surfacegu andA,, respectively, of an underground operation, thendubsidence caused by the

collapse of the two surfacég+ A is si+S.

The elementary subsidend§; at a given point P in the surface, caused by em&htary mining surface
dA at deptiH to be extracted is calculated with Eq. (2).

dS, = Spax X K, (r,y) X dA (2)

whereSnax is the maximum value of subsidence that can berabd for a critical and super critical case

(i.e., for mines wider tha2Htan()), whereH is the depth ang the influence angle)X,(r, J) is the



influence function, where is the radial distance between the surfddeand the surface point under

consideration angtis the influence angle (Fig. 3).

The final vertical subsidence at a given point Rlensurface can then be estimated by integratind 8

over the mine panel surfac®)((Eqg. (3)).
Sz = Smax ffA K, x dA 3)

Numerous influence functions (IFs) exist in theeriiture that are either derived from empirical
observations or based on theoretical assumptiotls 2 IFs have the same aim: accurately model the
subsidence of the ground surface. Neverthelesy, shew significant differences in ground profiles
because of geological setting variations in eachingifield. The selection of a particular IF, tHere,

needs to be validated by a comparison with previexisting subsidence to take into account the

geological conditions of the studied site [16].

In this analysis the Beyer influence function [li6]used because its application is validated in the

Lorraine basin region with back analysis of thailtssof happened subsidence [23].

The influence function method (IFM) can be useddleulate the horizontal displacemebt) of
each point at the surface and, consequently, thedmal ground strain. The horizontal displacemsnt
first calculated based on focal point theory, whadsumes that each extraction elensght(Fig. 4 a)
attracts a surface point P that moves towards iy As shown in Fig. 4 a, the vectdd can be
represented by two orthogonal componed&,anddUy,. dS; is the vertical subsidence, addyy is the
horizontal radial displacement resulting from tk&&ction of elemendA. Therefore, the horizontal radial

displacement is calculated with Eq. (4) [10].
dU,, = dS, x Tan& (4)

Whereé is the angle between the vertical axis and theejbiming the surface poitt with

the extraction elemewA (Fig. 4 a).

By consideringa, the angle between the radial horizontal displasgnvector (Jy) and theX-
axis, the two components of the radial displacendt anddUy, can be calculated from Eq. (5) (Fig. 4
b; Whittaker and Reddish, 1989).
AU, = dUyy, Xcosa = U, =} dU, 5
AU, = dUyy, xsina = U, =3dU, )

After calculating the horizontal ground displacemerthe X andY directions Uy, Uy), continuum
mechanics theory is used to calculate the horitgntaind strain (Eg. (6)) in theandy directions. Then,

the maximal horizontal ground strain is calculatetth Eq. (7).
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This method has been implemented in the damagdeagmniso that the horizontal ground strain

can be assessed anywhere at the surface for amgng@ometry.

The input data for this part of the damage simulare the maximum value of subsideriex
that can be observed for a critical and supercatitcase, the choice of the influence function, the

geometry and depth of the mine.

The outputs of this part of the simulator are thantour of vertical subsidence, horizontal
displacement and horizontal ground strain. Whes théthod is associated with a GIS, it is possible t
assess the horizontal ground strain in the viciaftany building. The next section presents thehors

used to assess the building vulnerability.

3.3. Building vulner ability

Building damage assessment in mining subsidencarth@eas is a key point for risk management.
The main obstacle is that existing methods, dewsldp different countries, are more appropriatetfier
study of single buildings than for large urban areEhese methods could be divided into three group
empirical ([12], [13], [25]), analytical ([14], [15 [26], [27], [28], [29],) or nhumerical ( [19][30], [31],
[32], [33], [34], [35]). A large description of tee methods can be founded in Saeidi et al. ([13])[

All of these methods make a deterministic evalumatd the damage, but experience shows that
similar adjacent buildings affected by the samesklgmce may suffer different damage. The problem of
the uncertainties for building damage assessmeatdsessed in other fields of risk analysis, sueh a
seismic engineering [3, 5, 8]. It is based on the of vulnerability and fragility curves to asst#ss mean
amount of damage and the damage distribution dfaltdings with similar characteristics in relatitm
the event intensity. This approach has proven ta geod compromise between accuracy of the results

and necessary investment for the studies (costlaration) ([36], [37]).

Fragility curves provide the probability of reachiaor exceeding a given damage state as a function
of the event intensity. These Curves follow a lagmal function. Vulnerability curves are relationsi
between the mean amount of damage for a given djriilding and the value of the event intensity.

These Curves follow a hyperbolic tangent equatjdé]( [37], [38]).



In the case of subsidence, the horizontal grourainsis used as intensity criteria, because ihés t
most shared parameters into the different buildiagmage assessment methods. Moreover, curvature and
horizontal ground strain display a homothetic M#oia along the subsidence profile. Specific
developments may then be provided so that the daumeglicted with a vulnerability function, for avgn

value of the horizontal ground, takes also intaaot the curvature [17].

A tangent hyperbolic function is used to model ¥agnerability functions and provide continuous

values for the damage mean (Eq. (8)).
Up(e) = a[b + tanh(c- € + d)] (8)

Whereip(€) is the damage mean value for a vadus the hazard intensity, aral b, c andd four

coefficients that must be determined for each inugdype.

Vulnerability functions developed in [13] and [1&ie used in the MSDS. They are normalized so that
Uo(€) is between 0 and 1.

4. Datarelevant to the case study

The town of Joeuf is located in the iron-ore basihorraine, in north-east of France. Joeuf hasemor
than 1,500 buildings and more than 7,000 inhalstafhe town sits atop numerous underground iron
mines that were exploited beneath the entire tity depth of approximately 90 m and an ore thickrofs
up to 20 m ([39], [16]). In some areas, there &ared superimposed underground layers. The extractio
system is the room and pillar mining method. Thst fset of required data concern all informatioouwb
the mines relevant to the prediction of the groomaements associated with the collapse of a seftor

the mine.

Many districts are workers’ housing sets with samnibuilding types that consist of jointed masonry
buildings with 1 or 2 floors. Most of the buildingsere constructed between 1870 and 1930 ([16]).€Som
districts also contain more recent buildings witbnarete materials that represent higher-quality
construction than the older buildings. The databaskides all information about the buildings thst
needed for the development and use of adapted rablitiey functions (e.g., length, height, materiatsd

reinforcements).



4.1. Mining data

The mine-related data consists of the geograplioatdinates and the characteristics of each
mining panel that may collapse due to ageing amallfhg. The identification of these panels is based

mechanical and geometrical criteria, back analgsdexpert judgment.

Under the town of Joeuf, three sub-haorizontal il@yers were exploited (Fig. 5): the brown layer
(deepest), the grey layer, and the layBrsand & (shallowest) extracted simultaneously. The mining
method employed was the rooms and pillars methdid different extraction ratios: 21% for the brown
layer, 35% for the grey layer and 45% for 8t layers ([16]). Because of the low extraction ratior
the brown layer, only the grey and thgSg layers are expected to collapse. The depth ofrtimes is
variable because of the topography of the groumthse. However, the city is lying into a small esl
and the depth is then assumed constant over theFdif. 5 a presents schematic vertical sectiothef

mine under the Joeuf town [16].

To delineate the different polygons of mines thalyroause mining subsidence on the surface, we
looked for areas characterized by high extractiatios and/or small pillars and/or pillars with a
heterogeneous geometry, bordered areas that havieeen undermined or are more robust (i.e., with
small local extraction ratios and/or large and tagpillars). A first deterministic analysis leaftsassume
that if a collapse begins within a polygon, thelajpde can extend up to the boundaries of the polygo
where stronger or intact ground exists. For ingarkig. 5 b, ¢ and d show the five initial polygons
defined within the grey an&/S layers and mining data for each polygon are syizdw in Table 1.
Value of the maximal subsidence.gis calculated with Eq. (9), with an empirical do@ént ks = 0.5

based on back analysis of historical subsidence.
Srax = KsW T 9)

where w is the mining opening, the extraction ratio (between 0 and 1) andak empirical

parameter.

However, some uncertainties exist and we can assuaéhe collapse may stop before reaching
the polygon boundaries. In that case randomly redymlygons can be considered with the borderer
included between two deterministic limits: theialitpolygon borderer and a homothetic reduced pmiyg
by a 0.5 scale factor. Fig. 6 illustrates the mdthsed with the initial and 0.5 scale reduced patytpr
the polygon 3 and a set of 10 random polygons.

The influence angle parametgmostly depends on the overburden geology andeitgeghnical

characteristics. It may also depend on the minkgiotation method, and its value is typically been 5
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and 40° [16]. Influence angles may also vary arcamdine panel. This is the case in the French Lera
iron-ore basin, where the influence angle depemd¢he nature of the ground beyond the boundary of
each edges of the mine polygon [39]. Differentusfice angles are then considered with uncertainties
about +/- 10° (Table 2).

4.2. Therelative occurrence probability of the mining subsidence scenarios

Assessing the occurrence probability of each scenara particularly complex problem. No
method exists to rigorously assess this probabityd expertise is generally required. However, the
analysis of different geometrical and mechanicabpeeters can be used to order the scenarios frem th

least to the most probable.

First, a subsidence is more likely to occur whea s$afety factor, calculated from the induced

stresses and the compressive strength of pillacsedses (Eq. (10)).

SF=2% (10)

op

Where o denotes the compressive stress on the pillarspartde compressive strength of the

pillars.

The compressive stress on the pillars can be &sbegih the tributary area model, which

assumes a uniform distribution of the weight of tkerburden over the pillars (Eg. (11)).

o =55 ay

Wherepis the unit mass of the overburden in [k§j/ri is the thickness of the overburden in [m]

andris the extraction ratio between (total extractiatio) and 1 (no extraction)[40].

If the rock compressive strength is assumed todmstant over the mine, then the safety factor
(SF) only depends on the vertical stresses onitlaesp(Eq. (16); [40]). However, the parametersdiso
evaluate these stresses are still uncertain (mtielgeometry of pillars), and a Monte Carlo sirtiatais
particularly helpful to assess the safety factongsobabilistic variable rather than a fixed vallrethe
specific case of the iron-ore field, Cauwnal. (2009) [41] showed that the safety factor can loeleted
with a normal distribution whose mathematical exataen is calculated with a compressive rock sttieng

of 7.5 MPa and whose standard deviation is apprateiyn 0.3.

For the considered mining polygons and data in@ablwe obtain a mean and standard deviation
{m, s} of the safety factor of {2.05, 0.082} for pgons 1, 2, 3 and {1.97, 0.0788} for polygons 4ldn

A collapse is expected to occur if the safety faigdess than one. The cumulative density funcisaien
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used to assess the probability of collapse)pi@ an elementary area:%6.1 10* for {m, s} = {2.05,
0.082} and 2.3 10for {m, s} = {1.97, 0.0788}.

The second parameter used to assess the relatibalplity is the area of each polygon. If two
polygons have the same safety factor but one paolygbwice as large as the other, then a collapssore
likely to occur in the larger of the two polygorisp(S) is the collapse probability for an elementary area

S, then the collapse probabilipfS:) of a larger are& can be calculated with Eq. (12).

p(S) =1— (1= p(S))°K/* (12)

The application of Eqg. (12) to the six consideradygons requires the identification of the
elementary are&. Because the objective is to assess a relativeapility of collapse, the choice of this
area has no influence upon the final results, badtea of the smallest polygon (polygon 7) is ehdsr
S (S=9).

Finally, the collapse probabilitig¥S) of the six polygons are normalized to obtain tékative

probability pr(Sc) so that the sum of the six values equals one €Tabl

4.3. Building database

The building database collects the geographicardinates and some characteristics of 1102
buildings. The geographical coordinates are necgdsa calculating the exact value of the ground
movements due to the subsidence in the vicinityeath building. The building characteristics are
necessary to define the building typology and teettgp appropriate vulnerability functions (e.gndgh,

height, materials and reinforcements).

Based on a detailed analysis of the existing buggliin the town, a total of three main building
types are defined. Most of the buildings (89%) tsinsf unreinforced masonry buildings (URM), 9% of
them consist of reinforced masonry buildings (RMYl 2% of reinforced concrete buildings (RC). This

pattern is a consequence of the historical urbaeldpment involving many workers’ housing complexes
(Fig. 7).

Three vulnerability curves are then consideredstRar unreinforced masonry buildings, second
for reinforced masonry building and third for coeter buildings. Bases on uncertainties about theegal
of parameters a, b, ¢ and d (see Eq. (8)) obsdorednreinforced masonry buildings ], an equivalen
uncertainty is considered for all the three curRzgameter c is fixed for each function, while paster d
is considered uncertain with a uniform distributi®arameters a and b are calculated in order feces

two conditions (Eq. (13)). These conditions corogepto a zero damage for a null horizontal ground
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strain and an ultimate damage for horizontal s¢rgieater than 10. For the 3 building types, viah#ity
curves are then included between two limit curversoded + and — in Fig. 8.

up(0)=0
{u,,(w) =1 (13)

5. Deterministic vs. probabilistic results of the MSDS

In the next sections, results of the MSDS are coetba order to show how uncertainties may have
an influence on the hazard and vulnerability assess over the city. Results are differently displdy
from the most exhaustive to the most synthetic. flost exhaustive corresponds to a colorized map tha
displays the hazard intensity (horizontal groundis) or damage for each building. A more synthetic
result is the histogram that shows the number @flings into each hazard or damage classe. The most
synthetic results give the mean value and standigviition of hazard or damage for buildings in ¢hg.

In that case, two values are considered. The ¥ahite considers all buildings, while the secondugal
consider only the buildings affected by the subsige(i.e with a damage greater than 0.01 or a Hazar

intensity greater than 0.1 mm/m).

5.1. Results associated with the collapse of a given mining polygon

Two results can be showed: the hazard intensitthashorizontal strain in the vicinity of each
building and the vulnerability with building dama@i&g. 9, Fig. 10 and Table 5). Building damagéisn
calculated by combining the horizontal ground strassessed at the center of each building and the
vulnerability functions. Results of the buildingrdage calculation are then very close to the hazard
calculations (Fig. 9); buildings are logically matemaged above the border of the polygon, where the

horizontal ground strain is the greatest.

A first comparison between each polygon immediagtipws (Fig.10) that polygon 3 seems the
most critical with a greater number of affectedldings. The damage mean value for the entire ity i
then maximal (Table 5). However, as shown on Tablgolygon 2 becomes more critical when only the
damaged buildings are considered. Histograms (FBy.explain the difference between the two cases.
Histograms of hazard intensity display a globaldnpplic shape with a large number of buildings thgin
or not affected and a small number strongly affieche the contrary, the histograms of damages alspl

two peaks both for small and severe damage.
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5.2. Building damage associated with different possible scenarios of mining subsidence

The aim of this section is to consider now différpossible scenarios with uncertainties. In the
following, for each of the five deterministic polygs, 10 scenarios are considered with a variabigpo
shape (Fig. 6), a variable influence angle (Tablearzd variable vulnerability functions (Table 4). A
uniform distribution is chosen for each variablegmaeter. This gives a final number of 50 scendigos
which both the horizontal ground strain and damagealculated for each building. The main issueaw
to define the hazard intensities and the buildiagnage when several scenarios may occur. In other

words, how to synthetize these fifty results inevrth get relevant information for the risk managetf

A first solution is to consider all the mining seelos as deterministic and to define the hazard
intensity and the damage category of each buildsmghe maximal value obtained from any of the five
scenarios (Eq. (14)).

Intensityl = Max(gy)

Damagel. = Max(D,) for k=1to N (14)

WhereN is the number of scenariobl£50 in this example), andi and D are the horizontal
ground strain in the center of a given building d@sddamage, respectively, associated with scerario
The results for the whole town are shown in Fig. Résults regarding the building damage is not very
useful since quite the whole city is concerned.uResegarding the intensity appear more intergsiiith
a quite uniform distribution of buildings into thilifferent classes of horizontal ground strain. Thisy
then appears more useful to categorized the cilyi@entify areas that are the most concerned. Hewev
this assessment method is highly conservative degathe hazard intensity and building damage since

only one scenario is expected to occur and notssacsy the worst among those studied.

A second solution consists in calculating a mathemlaexpectation and a standard deviation of
both the hazard intensitfg(e) and §&)) and the building damagd(©) and S(D)) based, first on an
assumption of equiprobability or on the relativelbility (se 4.2) of each scenario (Eq. (15) &)

E(e) = legzl Py g

S(&) =V Zi=1 Pr- (e — E(2)))? (49

E(D) = 11¥=1Pk-Dk
S(D) = /IN_, P,. (D, — E(D)))?

(16)
Where P, is the relative occurrence probability of the mgisubsidence scenarlg & is the

horizontal ground strain at a given building dnds the damage to the building.

Fig. 12 obtained under the assumption of equiprgbabenarios, seems not very useful for the

risk assessment. Mean values of the horizontalmgt@train are small with the greatest values around
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polygon 2 in the south of the city (Fig. 5). Howetlee damage mean is greater in another part dfithe
This difference is the consequence of non-linedritiveen damage and the horizontal ground strain.

A more interesting result is shown on Fig. 13 whaltescenarios are not assumed equiprobable.
The mean values of the horizontal ground strain denmdage are then a little bit more comparable with
similar locations of high impacted buildings. Comgzato Fig. 12, this better correlation betweenttie
results can be explained since one scenario igfis@ntly more probable (polygon 4) and the most
impacted area is closed to the borders of thisgoaly Finally, Fig. 13 B is undoubtedly a relevatywor
identifying the most impacted area.

A last possibility is to examine the standard deetaof damage. This can be used as an indicator
of the confident level of the assessment. A sntalhdard deviation means that the prediction is very
confident while a large value means the contrargn@ard deviation of building damage versus thermea
value is plotted on Fig. 14 in the case of non galiable scenarios. It can be observed a strong
correlation between the two. Relation is not lineatrthe rough estimate of the standard deviasabbut
the value of the mean. Because of this strong ladioa, the standard deviation is not an additional
relevant parameter to classified city areas inpirspective of the risk mitigation.

As a consequence, two basic parameters are foumel f@eresting and not similar to identify the
most impacted areas in the city. The first is thaximal value of the horizontal ground strain (Fi§.A)
which corresponds to a conservative approach ofrtheimum hazard that may affect a building. The
second is the damage mean value when scenario®Beassumed equiprobable, which corresponds to a
reasonable assessment of what is the most protmabteur taking into account all uncertainties.

Therefore, we can propose a synthesis using tiesenbst interesting parameters where a score
is affected to each building in relation to both tivo results. The final score is then the sunmwvofvalues
between 0 and 4 and can finally range between (BaAgplication to the case study shows here that t
maximal value of the final score is 4. As shownFkig. 15, the map of the final ranking is roughly
consistent with the two others previously shownweeer, the comparison of histograms show that
significant differences still exist. The limit vas of the horizontal strain or the damage meanevaiu

Table 6 can of course be discussed and modified.

6. Conclusion

A damage simulator has been developed to studyulmerability of urban areas subjected to mining
hazards. The simulator is based on two needs; fosdssess the ground movements associated with th
collapse of any given underground mine; secondss®ess the building damage associated with anp give

ground movement.
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This simulator can be used to investigate diffemanting subsidence scenarios and to assess and
categories both the hazard potential and the damsiy@ates according to established definitionthef
hazard and the damage. For example, the simulatorcalculate the maximal value of the horizontal
ground strain or building damage, the mathemateglectation when considering equally probable
scenarios, or the mathematical expectation whesidernng different occurrence probabilities for leac

scenario.

The last case corresponds to the probabilisticagmbr, for which the calculation of the occurrence
probability of each scenario has raised many questind for which a solution has been proposedisn t

study based on the safety factor and the areacbfmme.

The results obtained with the developed method ghatvthe probabilistic approach performs bettanth
the other two considered methods. The first methoased on the maximum values, leads to a
conservative assessment of the hazard and vulligrabihereas the second method, which is based on

equally probable scenarios, smoothes the results.

Finally, with the damage simulator, the mathemétégectation and standard deviation of the
probability of each damage category for each bngidian be computed along with other information tha

may aid in the assessment of building vulnerability

In conclusion, the methods incorporated in the bbgesrl damage simulator account for uncertainties
in both hazard and vulnerability to provide rislsessment and mitigation. The simulator is presently
applied to problems relating to mining subsidenaealnds, and it is under development for other hiszar
for which a similar methodology can be followed yaded that the hazard or vulnerability assessments

involve uncertainties.
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Fig. 1. Description of the main characteristicsoired in mining subsidence and their associated
consequences ]. a) Typical profiles of the grodigplacements. b) Typical values of the subsidence
dimension and ground movements. c) Typical damagetd mining subsidence in the city of Auboué,

France.
Fig. 2. The main scheme of the damage simulatoreldped for the evaluation of the building

vulnerability and hazard potential in a mining sdbace area.

Fig. 3. The principle of the influence function mmed. An infinitesimal mining element dA at depth H

creates an elementary trough at the surface.

Fig. 4. Method used for the calculation of the hontal displacement with IFM.

Fig. 5. a) The vertical section of the iron minilagers; b) the mining scenarios considered in tey g
layer; c) the mining scenarios considered in the&SS2ayer; d) the final five mine polygons consatefor

risk analysis of buildings in the town of Joeuf.

Fig. 6. Example of 10 hazardous polygons calculaitsveen the minimal et maximal polygon 3 (scale
factor of 0.5).

Fig. 7. A digitalized map of the town of Joeuf witte three building types.
Fig. 8. Limit vulnerability curves for the threeilaling types, calculated with data of Table 4.

Fig. 9. City plot of the horizontal ground straialwe and building damage for a single scenarioy@um
2).

Fig. 10. Histogram of the number of buildings aféetby different classes of the horizontal groutndis

and mean of damage for the five deterministic scenarios (polygon 5jo

Fig. 11. City plots and histograms of the maximaindge (A) and the maximal horizontal ground strain

value (B) for the 50 scenarios.

Fig. 12. City map and histograms of the damage mahre (A) and horizontal ground strain value (&) f

the 50 scenarios under the equiprobable assumption.

Fig. 13. City plot and histograms of the damagemesdue (A) and horizontal ground strain value {@)

the 50 scenarios under the non equiprobabilityrapson.

Fig. 14. Correlation between damage standard demiahd mean values
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Fig. 15. Final ranking of buildings in the city,deal on the maximal possible intensity and damagenme

value, taking into account uncertainties.

Table 1. Characteristics of the mining layers aolggons under Joe(t6].

Table 2. The values of influence angle dependinghennature of the ground at the boundary of each

edge.

Table 3. Characteristics and relative probabilitaeshe five mining polygons.

Table 4. Parameters of the vulnerability functitorsthe three building types.

Table 5. Synthesis of the damage for the five datéstic scenarios (polygon 1 to 5).

Table 6. Scores used for each values of the maxiodontal ground strain and the mean of damage fo

the final ranking.
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