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ABSTRACT

The extraction of ore and minerals by undergrouridimg often causes ground subsidence phenomena. In
urban regions, these phenomena may induce smaéiiere damage to buildings. To evaluate this damage
several empirical and analytical methods have leseloped in different countries. However, thesé¢has

are difficult to use and compare due to differerinethe number of criteria used (from 1 to 12).tRarmore,

the results provided by damage evaluation may teifsiantly different from one method to anothehel
present paper develops vulnerability functions dasea concept that has been applied in other asaek as
earthquake engineering, and that appears to bera gficient way to assess building vulnerability i
undermined cities. A methodology is described falcelating vulnerability functions in subsidencenes
using empirical methods. The first part of the pafmeuses on existing empirical methods for damage
evaluation, and selected necessary improvememsodifications are justified. The second part fosusa

the development of a building typology in subsidemones and its application in the Lorraine regienere
many villages are subject to subsidence problenestduron-ore mining. The third section describes a
discusses the adopted methodology for determinirigevability and fragility functions or curves. Rily,
vulnerability functions are tested and validatedhwa set of three subsidenci#mt occurred in Lorraine
between 1996 and 1999.

KeywoRDs Vulnerability, mining subsidence, damage, horizbgtaund strain, fragility curve, vulnerability

curve.

1. Introduction

1.1. Context and objectives

The extraction of ore and minerals by undergrouirdmg may induce ground subsidence phenomena. These
phenomena lead to horizontal and vertical groundenents, and consequently to deformation and damage
to buildings in urban undermined regions. The maxnvertical displacement occurs in the center ef th
subsidence area and may reach several metersdiBplacement is accompanied by horizontal straithén
ground, ground curvature, and slopes, which maktheghree types of movements that load structanes
cause structural damage [1]. Therefore, subsiderameinduce small to severe damage in buildings Fsge

1). Many countries have concerns about abandonadsh@nd mitigation of risk due to subsidence haizard
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therefore an important issue. The Lorraine proviimcErench is a typical region with more than 146’ lof

abandoned underground mines.
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Fig. 1. Description of the main characteristicsalwed in mining subsidence a) description of groomalements, b)

typical values of ground movements and dimensiongpical building damage.

Building damage assessment in mining subsidencarth@reas is a key point for risk management. Taam
obstacle is that existing methods, developed ifeidiht countries, are more appropriate for theystfdsingle
buildings than for large urban areas. Most of theseempirical and based on databases of obseuiteiihl
damage in subsidence regions of these countries Appendix). Application of these methods raises th
following questions: Which method is the most @éfint and accurate? Which method is the most
conservative? A basic comparison [2] shows thatajyglication of these methods at the same site does
give exactly the same results because each methasddeveloped in a specific context (geology, mining
characteristics, and so on) and because each mesiesda different set of parameters, two paraméiethe
simplest and thirteen for the most detailed (sepefydix). Methods with a lesser number of parametexg
appear most efficient but are probably less aceutatcontrast, the most complex methods may appeas
accurate but their application in cities with s@ldrundreds of buildings is a long process. Moreoivenay

be assumed that all of these methods may be censisiut do not focus on the same parameters.
Consequently, in the case where no justificatioistexo choose or favor one method, the mean \afltke

damage calculated with each of the methods mayaagpde the most relevant result but also lessiefit.

What is the uncertainty in the damage assessmdhtsf these methods make a deterministic evaluatibn
the damage, but experience shows that similar edfdmuildings affected by the same subsidence mtigrs
different damage. The problem of the uncertainf@sbuilding damage assessment is addressed im othe
fields of risk analysis, such as seismic enginegf8j, [4], volcanic engineering [5], and tsunarf6. It is

based on the use of vulnerability and fragility\eg to assess the mean amount of damage and tlagelam



distribution of all buildings with similar characigtics in relation to the event intensity. Thispapach has
proven to be a good compromise between accuratieofesults and necessary investment for the studie
(cost and duration). The development of such a agkih the field of mining subsidence would then be
innovative and efficient for use in assessmenthef possible damage that an entire city may suffenf

mining subsidence.

The objective of this study is to develop vulnelibcurves and functions, starting from empiricaéthods

used for individual buildings, for a method abled&al with a large quantity of buildings.

Below, we first present the concepts of vulnergbifind fragility curves. In Chapter 2, the develgnn
methodology for these curves in mining subsiderazatd areas is described. Next, in Chapter 3, seuds
the existing empirical methods for damage evalmatand justify some essential modifications and
harmonizations. Chapter 4 describes the typology tis develop the fragility and vulnerability cusv@ hen,
the methodology used for development of the vulniéta and fragility curves is presented and dismc
(Chapter 5). Finally, as an application and valatgtresults are compared to the observed damateeae

villages of the French Lorraine region (France).

1.2. Vulnerability and fragility curves concepts

The vulnerability of buildings and territories tataral hazards is often studied with vulnerabitind fragility
curves that allow assessment of the damage distibfor a given number of building types in retatito the
event intensity (e.g., earthquakes [3] [4], voleam§b], and tsunamis [6]). Fragility and vulnerapiturves
are thus developed for a given building type, diwhaquick and realistic damage assessment oflaltliimgs

grouped into the same type.

Vulnerability and fragility curves use the follovgithree main types of input data:
1. A damage scale
2. A building typology
3. An intensity criterion

For example, the EMS-98 [7] considers a six-levaindge scale that consists of: no damage (DOhtslig
damage (D1), and so on, up to very heavy damagg (B&st of the existing methods define an equivalen
number (four levels of damage in the HAZUS [4] aidlevels in volcanic risk assessment [5]). Fawels

are considered in this study (see Chapter 3).

Building typology must be defined according to thest important parameters relevant to resistand@eof
buildings against the considered hazard. For iestathe building materials (concrete, wood, maspety.),

the quality of construction, the type of foundatipand the global stiffness of the building are dnt@nt in



earthquake engineering [7]. The EMS-98 considerambln building types [7]. Five building types are
investigated in this study (see Chapter 4).

The criteria for the event intensity may be a pbgilsparameter (height or speed for a tsunami, ecatidn
for an earthquake) or an empirical one (earthquatensity in EMS-98 [7]). In this study, the horital

ground strain parameter is considered as theiortéor event intensity (see Chapter 4).

Fragility curves provide the probability of reachinr exceeding a given damage state as a funcfidineo
intensity of the natural event (Fig. 2b), and tree usually modeled by lognormal functions. A very
important point is that fragility curves clearlyk&into account that not all buildings of the satyge will

suffer the same level of damage for a given eveensity.

Vulnerability curves are relationships between iitean amount of damage for a given type of building

the value of the event intensity (Fig. 2c). Vulrmlity curves may be deduced from fragility curweith Eq.
1):

/'ID:ZPKDDK (1)

wherepp is the mean damage for a given intendiyjs the probability of a damage grabg andk is the

range of damage category (from 0 to 5 in the EM$}®&®age scale, for instance [8]).

An example of these curves is shown in Fig. 2 fonassive stone masonry building (type M4), accaydmn
the EMS-98 [7]. Fig. 2a shows the damage distrilyufior this type of building during an earthquake o
intensity 11. This distribution can be plotted ifg.F2b, where each dot on the figure correspondthéo
different fragility curves of this type of buildin@y calculating the mean of the damages (Eq.t1}, then
possible to plot one point of the vulnerability eey as shown in Fig. 2c. Fragility and vulnerapiliurves

may be then modeled by fitted mathematical funation

In practical terms, when developed and validateagility and vulnerability curves are both efficteand
accurate. Vulnerability curves are used to obtaisyathetic result of the mean damage to buildings i
selected territory. When applied to a single buiglifragility curves may be used to assess theghitity of
reaching a particular damage level. When applieg $et of buildings, fragility curves may be useds$sess

the damage distribution of all buildings.
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. 2. Damage distribution (a), fragility curves (b), and vulnerability curves (c), for the Ma4 building type,

according to EMS-98 [7] for assessment of earthquake building damage.

2. Development methodology of vulnerability and fragility curvesfor buildingsin a

subsidence zone

The methodology adopted in this study to developenability and fragility curves is shown in Fig. &fter

selecting the three main input data, a damage atiaiumethod must be chosen from among the differen

building damage assessment methods for subsidengmeering (five empirical methods have been

considered in this study). A representative sangfleeach building type is then constructed with 1000

simulated buildings. Then, for the different possilialues of the horizontal ground strain (arouwertty

possible values between 0 and 10 mm/m) the dansagiesample buildings is assessed. In the nept bigth

the mean damage for a given value of the intereity the probability of reaching or exceeding a wgive

damage state can be calculated. Finally, by repgp#tie previous step for all values of the horiabground

strain, both the vulnerability and fragility curveasn be drawn.
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Fig. 3. Methodology for determination of vulnerability and fragility curves in a subsidence zone.

3. Choice of damage evaluation method

Existing methods for building damage assessmene vdaveloped in different countries where mining
subsidence has occurred (e.g., England, USA, Pplaodth Africa). Most of them are empirical and use
observational data from damaged buildings. Onlyw bf these methods use mechanical analysis. These
methods are described in the Appendix and may desifled as either abacus or rating methods [1Blera
summarizes some characteristics of these methods.

Table 1. Summary of building damage assessment methods used in mining subsidence hazard areas.

Method Type Empirical/ | Damage scale Definition of vulnerability classes
Analytical

NCB [9] Abacus Empirical 5 levels (Fig. 4-a) No

Wagner and Schumann[10] Abacus Empirical 5 leviely. @-b) No

Boscardin and Cording [11] gr Abacus Analytical 5 levels (Fig. 4-c) No

Burland[12]




Bhattacharya and Singh [13] Rating Empirical 3lIs\&able 9) yes (4 classes) (Table 9)
Yu et al [14] Rating Empirical 3 levels (Table 8) yes (dsses) (Table 8)

Dzegeniuket al.[15] Rating Empirical 5 levels (Table 10) yes (asses) (Table 10)
Kwiatek [16] Rating Empirical No damage scale (eslasses) (Table 11)

The abacus methods, namely the National Coal b4@B) method [9] and the Wagner and Schumann
method [10] (Fig. 4a and 4b), link building damagéuilding length and the horizontal ground strdihese
two methods are very similar, although they wereettgoed from a database of observations resultiow f
coal mining in the UK and in South Africa, respeety. Detailed comparisons [2] lead to the conadaoghat
the two methods may be considered as the samemé&tieds of Boscardin and Cording [11] or Burland][1
are based on a simple mechanical model analysisuaadtwo parameters: the angle of distortiBh d¢r
deflection Q), which depend on the length of the building (e ground curvature (1/RB (= L/2R, A=
L2/8R), and the horizontal ground strain. Theseho@$ both use the same number of damage leveisitiut
different interpretations (Fig. 4c). In the follavg, we will not refer to these analytical methodsduse they
were developed for one dimension of the buildirtgsdght equal to the length) and for unreinforcecamay
buildings only. Their use would require adaptatitan the final abacus for particular dimensions and

mechanical properties. This would necessitate fipet@velopments that are not involved in the scopthis

study.
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Fig. 4. Schemes of NCB [9], Wagner and Schumann [10] and “Boscardin and Cording” methods [11] for the

assessment of building damage in mining subsidence hazard areas.

The rating methods consider several parameter$, asibuilding length, building shape, building tigmy,
and type of foundation, to define the vulnerabilitiass of a given building. A set of threshold ‘ealwof
horizontal ground strain is then used to defineddimage level in relation to the horizontal grostrdin. The
main differences are the criteria used to defiree thinerability class, the number of vulnerabilithasses

(between 4 and 5) and the number of damage clésewn in Table 1 and Table 2). One is an American



method developed by Yet al.[14, Table 8 in Appendix], another is the Bhattagta and Singh method [13,
Table 9 in Appendix], and two others are methodselbped by Dzegniukt al.[15, Table 10 in Appendix]
and by Kwiatek [16, Table 11 in Appendix]. The ¥ual. method [14] appears to be a more comprehensive
version of the Bhattacharya and Singh method. Toerethe Bhattacharya and Singh method is not trsed

develop vulnerability and fragility curves.

In order to develop fragility and vulnerability eas with all of the empirical methods, some slight
modifications and harmonizations are necessanhaball methods use the same number of damageslevel
and all rating methods use the same number of ralbilgy classes. Details of this work are justfian the
Appendix. Finally, four damage classes are usedafomethods (Table 2). For the rating methodsy fou

building vulnerability classes and sixteen thredhalues of the horizontal ground strain are defi(iEable

3).

Table 2. Comparison between the four damage classes used and the damage classes defined in existing

methods.
" Burland [12] | Bruhnet al Ji- .
Unified Yu et al.[14] or o . ) Kwiatek [16] or
Pellisieret or Boscardin [18] Xian[19] )
Damage Bhattacharya NCBI9] Dzegniuket al.
. al. [17] and
Class used | and Singh [13] . [15]
Cording[11]
No damage Negligible Slight 1
D Very Slight
Architectural Very Slight Very Slight
@
oo
D, Slight Slight Slight 2 g
(o))
£
Ds Functional Moderate Appreciable|  Moderate Moderate 3 8
2
Severe Severe Severe Severe 4
Da Structural
Very Severe Very Severe| Very Severe Very Severe

Table 3. Threshold values of the horizontal ground strain used to assess building damage with the rating

methods in relation to the vulnerability class of a given building.

Vulnerability Class

Damage Class

C1

C2

Cs

Di(negligible or very slight)

<0.5 mm/m

<1.5mm/m

<2.5 mm/m

<3.5 mm/m




D2(Slight) 0.5-1.5 mm/m 1.5-2.5 mm/m 2.5-4.5 mm/m 3.5-6 mm/m
Ds3(Moderate) 1.5-2.5 mm/m 2.5-3.5 mm/m 4.5-6 mm/m 6-9 mm/m
D4(Severe and very severe) >2.5mm/m >3.5 mm/m >6 mm/m >9 mm/m

Finally, four empirical methods are available fa¥vdloping vulnerability and fragility curves in nig
subsidence hazard areas: one abacus (the NCB Wagner and Schumann [10]) and three rating methods
(Yu et al.[14], Dzegniuket al.,[15] Kwiatek [16]). The development of the vulneildy and fragility curves
may then be based on one of these methods if canasions regarding the mining and building conjastify
that one method will be more relevant and accuillat¢he case where no justification is possible, tiean

value of the damage “MD” given by all the methossassumed to be the most probable damage assessment
(Eq. 2).

NCBWO¢) + YHe) + DZDe) + KDQe)

MD(¢) =
4 )

MD(¢g) is mean damage of the four empirical methods, M@BWD(€), YD(g), DZD(g), and KDg§) are the
damage levels for a building with a horizontal grdustrain of ¢” assessed with the empirical methods
(respectively NCB[9] or Wagner and Schumann [1Q],eYal.[14], Dzegniuket al.[15], and Kwiatek [16]).

4. Development of building typology in mining subsidence ar eas

4.1.Relevant parameters of buildings for a typology

The identification of relevant parameters is basedhe following points:

Relevant parameters are mainly chosen from theofigtriteria used in the empirical methods and loa t
accepted perception of the loading process of thillibgs [20]. The building length is one of the sho
important parameters. The building resistance $ @an important parameter because both the hoalzont
ground strain and the associated ground curva¢a o an increase of stresses in the structurepi@ssive
and tensile). Finally, the connection with the grd@ppears to be fundamental; deeper foundatiangder a
greater underground surface of the building on thite ground may thrust. Foundations of buildingd a

their resistance against a lateral load must tleeimestigated.

The bibliography concerning building vulnerability the fields of earthquake engineering (EMS-984ritl

HAZUS [4]) and volcanic engineering [5] shows thatypology must not be too complex to be operatjona



and some building particularities may still be takato account in a second step. These typologss a
emphasize the importance of exterior and interjanreetry of the load-bearing walls of the buildinga
more detailed way than that used in the Kwiatek@r&] Dzegniulet al.[15] methods.

In light of this, four main parameters are seleddthe typology: structural material, length, falations,
and shape. Each parameter may thus include seggtatia from the existing empirical methods. For
instance, the protection system used in the Kwigitékand Dzegniulet al [15] methods is considered in the
building materials and foundations system critefibe following sections will explain each of thefeir

parameters.
Structural materials

We selected four types of structural materials wiphto three subcategories. We mainly detailedcsiral
materials for masonry and reinforced concrete &iras because most of the buildings in the Lorragugon
in France are of those types. Several categoreesianilar to those defined in the EMS-98 [7], sashrubble

stone / fieldstone, unreinforced brick / concrdticks, reinforced brick, and confined masonry.
a) Masonry structure:

* Poor masonry that consists of rubble stones, fiefgss, and adobe or earth bricks with poor quality

mortar without protection against mining subsideeffects (MR).

* Good masonry that consists of bricks or concreteks with good quality mortar and with a possible

weak reinforcement (MB).

« Reinforced and confined masonry that consists iekbror concrete blocks with good quality mortar

and with horizontal and vertical reinforcement (MC)
b) Reinforced concrete structure:
* Reinforced concrete frame structure (CF)
* Reinforced concrete shear wall structure (CS)
c) Steel Structure (ST)

d) Wooden Structure (WO)

4.1.1 Building length

According to the threshold values of length usedhi@ empirical methods, and also according to the
traditional length of buildings in the Lorraine texq, five categories of building length have beefirted
(Table 4).

10



Table 4. Classification of building lengths.

Description Length value Group name
Low Less than 10 m L

Medium Between 11 and 20 m M

High Between 21 and 30 m H

Very high Between 31 and 40 m \%
Exceptional More than 41 m E

4.1.2 Building foundations and basement

Building foundations have been classified into noag¢egories depending on their depth into the gtoun

and their resistance against lateral load (Fig. 5).
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Fig. 5. Types of foundations considered in the typology.

* Foundation under floor space with reinforced cotecfioor (VB) or without concrete floor (VS)
» Simple foundation with or without reinforced corterslab (SB, SS)

e Cellar without concrete slab and with or withouhferced concrete floor (CB, CC)

e Cellar with concrete slab and with or without reirtfled concrete floor (DB, DS)

e Raft foundation (RE)

4.1.3 Building shape and symmetry

Six categories have been defined depending on ithplisity or compactness of the external shape, the

regularity of the external shape, and the symnatiie interior bearing walls.
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« Simple external shape with good symmetry or badmsgtry of the bearing walls (SR, SN).

e Little dismembered external shape with good symynetrbad symmetry of the bearing walls (LR,
LN).

e Strongly dismembered external shape with good syimnwe bad symmetry of the bearing walls
(FR, FN).

4.2. Application of the typology for buildings in therféerous basin in France

The described typology leads to 1890 theoreticaldimg types (7 “materials” x 5 “lengths” x 9
“foundations” x 6 “shapes”). In the ferriferous basegion, most of the buildings are worker housastates
with similar characteristics and are constructechaéonry [21]. Around 70% of the buildings in thesgions
may be grouped into five types (Table 5). The nameach type is constructed by merging the nameaoh
parameter. For instance, MRHDBFN is a building typat encompasses “unreinforced masonry buildings
(MR)” with “high length (H)", a “cellar with conctte slab and reinforced concrete floor (DB),” and a
“strongly dismembered shape with bad symmetry efititernal bearing walls (FN)". A simplified nane i

given in the first column of the Table 5.

Table 5. Building typology in Lorraine region.

Type's Name Material Length Foundation Form Typgldtame
MR1 (MR) (M) (SS) (SR) MRMSSSR
MR2 (MR) (M) (DB) (SR) MRMDBSR
MR3 (MR) (H) (DB) (LR) MRHDBFN
MC2 (MC) (M) (DB) (LR) MCMDBLR
CF1 (CF) (M) (DB) (SN) CFMDBSN

5. Development of vulnerability and fragility curves
5.1. Development of a simulated building database

The methodology used to develop vulnerability arabifity curves is described in Fig. 3. The horitain

ground strain is used as intensity criteria, ading typology is developed, and five methods aralena

12



available to assign the building damage into ondoof categories. The details of the methodology ar

illustrated with the CF1 building type.

The next step of the methodology is to developm@esentative database of the building types witb010
theoretical buildings. Preliminary tests, with anher of buildings between 200 and 2000, showed16a6

buildings provided acceptably accurate results.

To complete this database, the variability of eatiferia used in the different methods of damagessment
is considered to be in agreement with the buildimge (Table 6). A uniform statistical distributios used to
define the final value of each building. This vaiigy within a building type may be interpretedthaas a
real physical and observed difference between thklibgs and also as uncertainties concerning tresf

characteristics.

For example, the length parameter for this typdassified into the medium range, and this parametges
from 10 to 20 m. The lengths of the 1000 buildiags then randomly chosen between 10 m and 20 m. The
other parameters of the typology (material, fouimhatand shape) also lead to some uncertaintiesrdiog

to the empirical methods used for the analysisrdfbee, the development of vulnerability functiacesjuires

that we properly define the variability of eachgraeter used by the method into each building tgpeéch
empirical method. The resulting variability in t&6€1 building type is described in Table 6.

Table 6. Variability of the criteria used by each empirical method in the “CF1” building type for the simulation of
the buildings. Values of the building length, building height, and subsidence radius are metric values. Other

values in the table are rates that are defined for each original method (see Appendix).
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All parameters related to the building or foundatinaterial, type of foundation, building shape gty cellar

wall, and type of floor story are determined dikgeiccording to the name of each building type.

The rigidity and protection parameters depend antio categories of “structure material” and “sttue
foundation”. The technical condition and pre-damatge parameters used in the Kwiatek [16] methred a
determined by factoring the “structure materialtegry into the typology. In Lorraine, unreinforced
masonry buildings make up the oldest buildings, tatinical conditions for these are generally wdhsa

for the reinforced concrete buildings.

Some parameters, such as the building height, tbsidence radius parameter (¢t al. method [14]),
different elements of construction (e.g., type iotdl in the Kwiatek [16] method), and the grourypbe
(Dzegniuket al [15] and Kwiatek [16] method), cannot be defirgicectly by the building typology and
should be adapted in each particular case. We dhasenore realistic and probable values for thécglp
buildings of the Lorraine region: radius of the sidience between 100 m and 500 m, height of thalibgi
between 5 m and 9 m (most of the buildings havearrtevo storeys), no arcs in the building, no antels,
and low compressible or noncompressible groundl¢ggcshows that rigid bedrock may exist at a dégdls

than a few meters).

5.2. Development of vulnerability curves and functions

According to Fig. 3, the next step in determiningnerability and fragility curves is damage asses#nfior

all theoretical buildings for different values dfet horizontal ground strain between 0 and 10 mmfinof

the empirical methods were then implemented in Eadtica software [22], and the damage level of each
building was calculated for the different valueshofizontal ground strain. The probability of damag each
damage class “P(P was then calculated with Eq. 3.

P(D) =

N(D) "
n

N(Di) is the number of buildings in the damage cld38 and “n” is the total number of buildings (1000 in

this example).

The vulnerability curve for the CF1 building type the relationship between the mean damage and the

horizontal ground strain and is calculated with £q.

4o(6)= > P(D)D @

i=1

Mp(€) is the mean of damages for the valg® ¢f horizontal ground strain ané(D;) is the probability of

damage in the clas®}”, as calculated with Eq. 3.
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For example, we choose to present the resultsraatavith the mean damage method MOEQ. 2) in Table
7 for the “CF1” building type. Results consist bétprobability of damage in each damage classtanfirtal

row of this table is the mean damage for each vafderizontal ground strain.

Table 7. Results for the mean method and the “CF1” building type showing probability of damage in each

damage class (D1 to D4) and mean damage in relation to horizontal ground strain (¢ in mm/m).
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The plot of mean damages is given in Fig. 6 andvshediscontinuous curve that is the consequenasinf
threshold values in all of the empirical methodkisTresult is hardly compatible with reality sindamage
should continuously increase with increasing hariabground strain. This assumption is also corratsal
by the shape of all vulnerability functions deveddpn other fields, where a tangent hyperbolic fiomcis
often used [8]. To determine a continuous buildingnerability curve in agreement with the discootins

curve previously plotted in Fig. 6, we fit the d&tea tangent hyperbolic function according to &q.
Hp(€) = a[b+Tanlf ¢2+ ] (5)

wheren(€) is the mean of damages for a valyg df the horizontal ground strain, aad b, c,andd are four

coefficients that must be determined for each ngidype.

These parameters are not independent; two relagixiss between them. According to Table 3, for honial
ground strain equal to zero, there is no damadmuiidings, and for horizontal ground strain gredtean 9

mm/m, the mean damage to buildings is maximum andhleto four (greatest level in the damage scale).
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Therefore, this leads to two boundary conditiontaited in Eq. 6, and only two parameters must &l
determined. We used a nonlinear regression methéidd the best values of these two parameters.finhé
continuous vulnerability curve for the “CF1” buitdj type is shown in Fig. 6.

(6)

{uD (0)=1
Hy(9)=4

3,5 -

[T]»)

2,5 - *

1,5 |

[1p(e) = 1.58(1.53 + Tanh(0.43- £ - 1.52)]

0 2 4 6 8 10
Horizontal Ground Strain (mm/m)

Fig. 6. Vulnerability function and curve for CF1 building type, built from Table 7.

The influence of the damage assessment methodéstigated in Fig. 7. Results of the vulnerabitityves

for the MR2 building type (Table 5) obtained withch method show significant differences. In paféicuhe
NCB [9] or Wagner and Schumann [10] method, NCBWjDgives less damage than the other methods and
this method is thus considered less conservatitie. Mean method ME) logically gives a middle curve.
Unless the user has scientific arguments for jyistif one method by considering the special featofebe

studied case, it may be concluded that the meahadeé¥iD() gives the most probable damage assessment.

4
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=
-
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Horizontal ground strain (mm/m)
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Fig. 7. Vulnerability curves for MR2 type by all methods.

5.3. Development of fragility curves and functions

Fragility curves are relations, for a given builglitype, between the probability of reaching or exiieg each
damage level for different values of the horizomgadund strain £€”. These curves are directly obtained from

the results in Table 7. The probability of reachimgexceeding one damage level is calculated frgm/E

P(Damagex D) =1- R Damage [P
i—1 N D i-1 (7)
P(Damage< D) = ZM =2, RD)
R =
P(Damage= D) is the cumulative probability that the damageeleaxceeds the damage levEl”; “N(Dy)”
is the number of buildings in the damage cla¥s and " is the total number of buildings (1000 in this

example) P(D,) is the probability that the damage fall into dgealass D,.”

We attempted to find continuous, more realisticvesr by using the lognormal distribution (Eg. 8) in
agreement with mathematical functions regularlyduiseother fields (earthquake engineering [23],[241

volcanic engineering [5]).

O = Mg g
ag

¢ 1
P[Damage= D, |£] = | ——exp
J; eoN2m 2

In this equation, P(Damage> Di/g)” is the probability of reaching or exceeding ardaye level D;” for the

value “¢" of the horizontal ground strain ang/*and “g” are the mean and standard deviation o€)in(
respectively. The two parameterg/ “and “g”, must then be determined for each building typed aach
empirical method used. We used a nonlinear regnessiethod to fit the curve and find the best valioes

these parameters.

The resulting fragility curves and equations foe 8F1 building type and for the mean damage method

MD(¢g) are shown in Fig. 8.
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Fig. 8. Fragility data and curve for CF1 building type and the mean method.

6. Application and validation of the methodology for masonry buildingsin Lorraine

(France)

In France, the Lorraine region features large qgtiastof iron, salt, and coal deposits that werawilg
extracted until the beginning of the 1990s (salittmes to be mined here). The presence of formoer i

mines raises many issues, including that of bujjdininerability.

Between 1996 and 1999, five subsidence events @xt(two in the city of Auboué in 1996, two in Ma@rs
in 1997, and the last in Roncourt in 1999) whichsed damage to more than 500 dwellings [1]. Mahgot

cities and villages in this area may still be atiéelcby this phenomenon.

Most of the buildings in Lorraine region can bessified into five types (Table 5). The methodolagy
applied to calculate the vulnerability curves witle mean method (Fig. 9a). Results show that thenme
damage for a concrete building (CF1l type) is lowean that for a masonry building. Furthermore,
comparison of vulnerability curves of the four tgpef masonry buildings show that the damages to
unreinforced masonry (MR1, MR2, and MR3) are higtlean those of confined and reinforced masonry
buildings (MC1). In addition, comparison of theahrtypes of unreinforced masonry buildings shows tie
MR3 building type is more vulnerable than MR1 andR®1because of higher values of building length.
Finally, the very similar results for the two typR1l and MR2 may be justified by the similaritiefstioese
two types, which differ only in their foundation naaneter. Therefore, we can consider these two ingid

types to be equivalent.
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In order to validate the methodology and the fimalnerability curves, building damage observedvio t
cities (two subsidence events in Moutier and onEsisience event in Roncourt) are superimposed ingEg
with the MR3 type (more vulnerable type) and thel@fpe (more resistant type). Results show sigguific
similarities, and it may therefore be concludect tiee vulnerability functions may be used to asdbss

building damage in other mining subsidence hazezdsa

4
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Fig. 9. a) Vulnerability curves for five types of buildings in Lorraine. b) Vulnerability curves and observed

damage data in Lorraine.

7. Summary and Conclusion

This paper describes and applies a methodologydémeloping vulnerability and fragility curves using
empirical methods already used for damage assessi®@do this, horizontal ground strain is choserile
intensity criteria and a comprehensive typologydeveloped which is suitable for buildings in mining
subsidence hazard areas. This typology is baseédeomost important building parameters in relatiorthe
behavior of buildings affected by a subsidence twerd is based on the criteria used in the empirica
methods. Four parameters are defined: structuréénads, building length, basements, and foundation
addition to the building shape and symmetry. Theolygy is applied to buildings in the Lorraine regi

where most buildings may be grouped into five @ass

The empirical methods used are the NCB [9] or Wagmel Schumann [10], Yet al. [14], Dzegniuket al.
[15], and Kwiatek [16] methods. Because these nusttaze not easily comparable due to the use ddrdifit
damage levels, different criteria, and differereiinold values, the research presented in thisrpapaired
some modifications and a harmonization of thesehoust. Finally, all of the methods use four building

damage levels, four building vulnerability classasd 16 threshold values of the horizontal grourairs

Vulnerability and fragility curves are based on thastence of variability concerning the behaviod ahe

resistance of similar buildings. These curves ast ébtained by a direct calculation of the dambxyel of
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1000 buildings of the same type, and then are neddsy mathematical functions after a nonlinearessjon.
Vulnerability curves are modeled with a tangentdnplic function, and fragility curves are modelgith a

lognormal distribution function. For both of thesethods, two parameters must be calculated.

Results of the vulnerability curves show that th€BN[9] or Wagner and Schumann Jl@nethod is
significantly more conservative than the others &ensequently, the choice of empirical method used
assess building damage and to develop the vuliigyatiirves appears to be debatable. A mean meithod
developed that corresponds to the mean value afdaheage calculated with each method. Unless thehase
scientific arguments for justifying one method ddesing the special features of the studied cdsmay be

concluded that the mean method gives the most ptelllmmage assessment.

Application of the methodology to the five buildiigpes in Lorraine shows significant differenceswen
masonry buildings and concrete buildings. Comparisb these results with observed damage induced by

mining subsidence show significant similaritiesttialidate the methodology.

In addition, fragility and vulnerability curves aie better compromise between accuracy and ease than
existing empirical methods. Moreover, the mean dgmaethod allows all of the empirical methods to be
taken into account together and makes it possiblearry out necessary studies of the vulnerabiity
undermined cities. For completeness, vulnerabditg fragility curves must still be compared withusglent
curves obtained by analytical methods that take &acount the mechanical properties of the strecind the

soil-structure interaction phenomena that occumdua mining subsidence.

8. Appendix.

8.1. Rating methods for the evaluation of building dassain a subsidence region

Table 8. Yu et al. [14] method (the number of points for each parameter is marked by (-); N = No damage, Ar

= Architectural damage, F = Functional damage, St = Structural damage).

Foundations: Isolated footing (- 1) ; Continuous footing (- 4) ; Raft foundation (- 8) ; Buoyancy foundation (- 16)

Superstructure Material: Brick, Stone and Concrete (- 4); Reinforced concrete (- 4) ; Timber (- 6) ; Steel (- 8)

L/R ratio (L: length of the building and R: Radius of the subsidence): <0.1 (- 8) ; 0.1-0.25 (- 6) ; 0.26-0.5 (- 4) ; >0.5
(-2

H/L ratio (H: height of the building and L: length of the building): <1 (- 8); 1-2.5 (- 6); 2.6-5 (- 4);>5(-~ 2)
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Building classification

Total Rating 7-10 11-20 20-30 30-40
Vulnerability class Ci C, Cs Cs4
Damage category N | Ar F S N | Ar F S N | Ar F N | Ar | F
Thresholds value 0 2 ol ol - <

horizontal strain [mm/m] | ¥ g i A 0 I R Ve ® Ve ®
Table 9. The “Bhattacharya and Singh” method.
Building classification
Brick and masonry structures/brick bearing walls /low rise structures Ci
Steel and reinforced-concrete frame structures C.
Timber frame structures Cs
Massive structures of considerable rigidity/central core design Cs4
Threshold values of horizontal ground strain for damage evaluation
Damage category Architectural Functional Structural
Building class C, C; Cs Cs | C C; Cs Cs | C C; Cs Cqy
Threshold values of 0.5 ? 1 ? 1.5-2 ? ? ? 3 ? ? ?
horizontal strain

Table 10. Dzegniuk et al. [15] method (the number of points for each parameter is marked by (-)).

Building Length (m) : <10m (- 4) ; 11-15 (- 7), 16-20 (- 11) ; 21-25 (- 16) ; 26-30 (- 22) ; 31-35 (- 29) ; 36-40

(- 37);>40m (- 42)

Building solid shape: Regular, compact (- 0) ; Little dismembered (- 3) ; Well dismembered (- 6) ; Regular, vast

(- 6) ; Dismembered, vast (- 8)

Building foundation: On flat level, buildings with or without basement (- 0) ; On uneven elevation, surface (- 3) ;

On uneven elevation, surface with partial basement (- 6) ;As above but with a passage gate (- 8)
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Building ground foundation: Compressible (- 0) ; Low-Compressible (- 4) ; Uncompressible (- 12)

Building Structure: Rigid (- 0) ; Low-Rigid (- 4) ; Non-Rigid (- 8)

Existing protection for mining operation effects: Bolting (- 0) ; Fractural bolting (- 4) ; None (- 6)

Technical condition of the building: Good (- 0) ; Average (- 4) ; Bad (- 12)

Building classification

Total Score 248 37-47 28-36 21-27 <20

Vulnerability class C, C, Cs Cy4 Cs

Horizontal ground 1.5 mm/m 1.5-3 mm/m 3-6 mm/m 6-9 mm/m >9 mm/m

strain

Damage category Very slight or Slight damage Moderate Severe Very severe
negligible damage damage

Table 11. The Kwiatek [16] method (the number of points for each parameter is marked by (- ));

Building Length (m) : <10m (- 2) ; 11-15 (- 4), 16-20 (- 7) ; 21-30 (= 15) ; 31-40 (- 20) ; 41-50 (- 25) ; 51-60
(- 30); 61-70 (- 35) ; 71-80 (- 40) ; 81-90 (- 45) ; >91m (- 50)

Building solid shape: Regular, compact block (- 0) ; Regular, lying block (- 2) ; Little dismembered, compact
block (- 4) ; Well dismembered, lying block (- 6) ; Well dismembered, compact block (- 8) ; Well dismembered,
lying block (- 10)

Building foundation: On flat level, buildings (- 0) ; On uneven elevation, surface (- 5) ; Foundation with carriage

entrance, without cellar (- 8)

Building ground foundation: Non rocky soils, except stones and rocks (- 0) ; Backfilled ground (- 4) ;

Foundation on a layer of amortisement (- 6) ; Stones and rocky soils, Except rock solid or slightly cracked (- 10)

Building Structure:
A - Foundation materials: Reinforced concrete (- 0), Concrete (- 2) ; Masonry brick (- 3) ; Stones (- 4)

B - Walls of cellars: Concrete (- 0) ; Masonry brick, locks or hollow concrete blocks (- 1) ; Masonry stone, blocks

hollow of reinforced concrete (- 3)

C - Floor of the lowest storey: Reinforced Concrete, Ackermann, with crowns made of reinforced concrete (- 0) ;
Concrete or reinforced concrete plan on steel beam (- 1) ; Flooring with segments on steel beams, I/L>1/10 (I:

width of segment) (- 2) ; Flooring with segments on steel beams, 1/L<1/10 (- 4) ; Wood beamed (- 3) ; Vault
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without tie-beam, f/L>1/5 (- 4); Vault without tie-beam, f/L<1/5 (- 8)

D — Lintels: Reinforced Concrete (monolithic or prefabricated) or on steel beams (- 0) ; Bricks, plan (- 2) ; Lintel

arc, f/L>1/5 (- 3); Lintel arc, f/L< 1/5 (- 5)

E — Other elements of building: Arcs in bearing walls, L> 1.5 m (without tie beam) f/L>1.5 (- 4) ; Arcs in bearing
walls, L> 1.5 m (without tie beam) f/L>1.5 (- 8) ; Height of building blocks are different (- 2) ; Level of floors are
different (- 3)

Existing protection for mining operation effects: Building protected at all foundations and floors (- 0) ; Building
protected at the level of some foundations and floors (- 2) ; Building protected at every floor (- 8) ; Building

protected in some floors (- 10) ; Protection fragmented (- 12) ; Without protection (- 15)

Technical condition of the building:
Building State from naturally wear: Good (- 0) ; Satisfactory (- 1) ; Medium (- 2) ; Bad (- 3) ; Very Bad (- 5)

Pre damage of building: No degradation in the construction (- 0); Cracks <1 mm (- 2); 1<Cracks <5 mm (- 5);
5<Cracks <15 mm or gap of out off plumb <25 mm (- 8) ; 15<Cracks <30 mm or displacement or gap of out off

plumb >25 mm (- 12)

Others: buildings that are not intended for permanent residence without heating (for example, box room, cowshed,
barn) (- -12) ; buildings for the temporary stay of people (workshops, garages) (- -6) ; public buildings for the
permanent or temporary residence of large groups of children, people, handicapped (- 12) ; buildings with finishing

equipment or sensitive to the influence of the exploitation (- 6)

Building classification

Total Score 260 47-59 34-46 21-33 <20
Vulnerability class Co C, C, Cs Cy4
Horizontal ground strain <0.3 mm 0.5-1.5 2-3 4-6 mm 6-9 mm

Damage category No damage scale is given in the method.

8.2. Comparison and synthesis of existing methods

A comparison of the existing methods shows thair thee and results raise some difficulties. The tmos

important points can be summarized as follows:

* All of these methods use the horizontal groundirsti@arameter as an intensity criterion of the

subsidence. This criterion is maintained for theeli@ment of the fragility and vulnerability curves

» No building typology is clearly defined, and the thradls use different criteria to assess the building

resistance. Nevertheless, the length of the bgldihways appears to be the most important
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parameter. Other parameters concern building nadderexisting reinforcements, shape of the
building, building stiffness, and type of buildifigundations. Any building typology will have to be

consistent with those criteria.

The damage scales used in the methods are diffanehinay be compared with other scales used immini
subsidence (Pellisieat al.[17], Bruhnet al.[18] and Ji-Xian [19] (Table 12).

» The number of levels varies from three to six. Vd@ehchosen to use a four-level scale to develop the
fragility and vulnerability curves:D1" for no damage or very slight damag®,” for slight damage
(D1 and D, are considered to be architectural damage acapitdirBhattacharya and Singh [13]),
“Ds” for appreciable or moderate damage (i.e., fumatioddamage according to Bhattacharya and
Singh [13]), and Ds” for severe and very severe damage (i.e., strattdamage according to
Bhattacharya and Singh [13]).

« NCB [9] and the Wagner and Schumann][t@ethods are very similar to each other. The evialnaif
building damages in Joeuf city (a city in the Lamearegion) with these two methods shows that they

give similar results, and thus can be considereaisasgle one [2].

» The abacus methods use a small number of criteidaaiow damage to be assessed, whereas rating
methods use a greater number of criteria to agsekkng resistance and give some threshold values
of the horizontal ground strain. Moreover, the ¥ual. [14] method does not give the sixteen
necessary threshold values in order to be trulyaijmnal (Table 8). Thus, the advantage that the
rating methods seem more accurate (due to theegreaiber of criteria) is balanced by the lack of

threshold values that are necessary to assesaitege level.

* The rating methods mainly define the vulnerabititgsses of buildings (four classes for the &fual.
[14] and Bhattacharya and Singh methods and figesels for the Dzegniwk al [15] and Kwiatek
[16] methods).

8.3. Harmonization and modification of existing methods

To develop fragility and vulnerability curves, théferent empirical methods must be adapted to & b
efficient and comparable. In particular, they musé the same number of damage levels, and thengissi
threshold values of the rating methods must be d¢etegh. For this purpose, we chose to develop uhifie

vulnerability classes and common threshold valoeshe horizontal ground strain.
» Harmonization of damage scales

We selected a four-level damage scale ranging fParftnon damage or very slight damageDip(severe or
very severe damage). First, this is comparablegacdbmmon scales used in the field of building etdbility
(D1 to D4 in the HAZUS method [4]). Second, it alo damagesD,” that may be due to other causes than
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settlement (natural aging, in particular) to betidguished from greater damage due to a subsidélrtoe.

levels of the selected damage scale are shown ble Pa

« Harmonization of vulnerability classes and threshehlues of the horizontal ground strain for rating

methods

Regarding the number of vulnerability classes defiin the three rating methods (between 4 and B), w
suggest that rating methods be modified so thddiogis may be classified into four vulnerabilityaskes.
This leads to groupings of two classes into a simgle for two of the methods, and also makes thaltieg

vulnerability classes defined by the three metraataparable.

Indeed, a detailed analysis shows that the Kwift€k method is very similar to the Dzegniek al. [15]
method. Classes ‘€Cand “C;” defined in the Kwiatek [16] method may be consatkequivalent to the class
“Cy” of the Dzegniuket al. [15] method. Classes “Cand “Cs” defined in the Dzegniulet al. [15] method
may also be considered equivalent to the class O€ the Kwiatek [16] method. The final four classe
obtained from these two methods are then compaitdtie four classes of the Bhattacharya and Singh
method. A comparison of the threshold values oftwézontal ground strain (Table 8, Table 9, Talle and

Table 11) shows that it is reasonable to assuntdttedour classes are comparable.

Determination of the damage level then strictly efegs on the building vulnerability class and thernsity

of the horizontal ground strain. Finally, their usequires 16 threshold values (4 damage levels x 4
vulnerability classes) to be defined. Unfortunatéiglf of these values are missing in the most detap
method of Yuet al. [14] (Table 8). The missing values were choseagreement with the threshold values
given by the other methods (Table 3). In particuthe threshold values of the Kwiatek [16] methtithse
that correspond to the maximum acceptable moveinefare significant damage, were used to define the
values corresponding to the damage cld3s.“The original threshold values of the Dzegniekal [15]
method (Table 10) were used to define the threshalde of the damage claBs for the vulnerability class
“C2", the damage clad3; for the vulnerability class “¢” and the damage clafs for the vulnerability class
“Cy4.

Final threshold values were also adapted slightigreate a regular and logical increase in theegluith

increasing damage level or vulnerability class nemb
» Validation

Table 3 is then compared with other methods oistioll values used by Ji-Xian [19], Boscardin andd@my
[11], and Burland [12]. The Ji-Xian [19] method iiefs threshold values (Table 12) for buildings tiaty be
classified into the third vulnerability class “C3ghd the values are very close to those given inlera.

Boscardinand Cording [11], and also Burland [12], develomdxhcus methods for unreinforced masonry
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buildings that may be classified into the first vedability class “@'. In the case of mining subsidence, the
value of the angle of distortion is mainly lessnt2x102, and the horizontal ground strain appears to be th
most important parameter. Threshold values of drizbintal ground strain are very similar to thoseeg in
the first column of Table 3.

Table 12. Building damage and threshold values of horizontal ground strain defined in the JI-Xian method ([19]

and Table 3) for buildings equivalent to the vulnerability class Csz of Table 3.

Threshold values of the horizontal <2 mm/m 2-4 mm/m 4-6 mm/m >6 mm/m

ground strain

Damage category D1 D2 Ds Da

Table 13. Building damage and threshold values of tensile building strain (assumed equal to the horizontal
ground strain) as defined by Burland [12] and Boscardin and Cording [11] for buildings equivalent to the

vulnerability class Ci of Table 3.

Threshold values of the tensile 0-0.5 mm/m 0.5-0.75 0.75-15 15-3 >3
strain
Damage category Negligible Very Slight Slight Moderate to | Very severe
severe
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