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ABSTRACT

Ore and mineral extraction by underground miningerofcauses ground subsidence
phenomena, and may induce severe damage to buldiings paper develops vulnerability
and fragility functions to assess building damagethe context of mining subsidence
hazards, comparable to functions use for other rdazalhese functions are based on
existing analytical methods for damage assessmiémy take into account both the
uncertainty of the geometric and mechanical pararsebtf the building and the soil

structure interaction phenomena that may havetigalrinfluence on the building loading.

The present paper discusses the methodology usddteéomine these functions, and the
analytical method for damage evaluation is desdribEhe second part is a detailed
application of the methodology for a masonry buitdivith or without reinforcement, for

which both vulnerability and fragility functions ercalculated. Finally, vulnerability

functions are tested and validated with a set sluBsidences that occurred in Lorraine
(France) between 1996 and 1999.

KeywoRDs Vulnerability, mining subsidence, damage, horizbistaain, fragility curve,
vulnerability curve.

1. Introduction
1.1.The problem of damage assessment in mining sulteidezard areas

Ore and mineral extraction via underground miningynmnduce ground subsidence
phenomena. These phenomena lead to horizontal enidal ground movements, which
consequently lead to deformations and damage ildibgs of undermined urban regions
(Fig. 1). The maximum vertical displacement ocaarshe centre of the subsidence area
and may reach several meters. This displacemeatdempanied by horizontal ground
strains, ground curvature, and slope, the threestyf movements that load structures and
cause structural damage. According to the miningaekion method: longwall mining,
rooms and pillars with or without caving... subsidens planned or may be accidental a
long time after the extraction. In all cases, prgdn of building damage is necessary when
subsidence is expected in an urbanized area, tudalgcno methods exists for an efficient
and accuracy damage assessment at the city scale.

Dimensions of mining subsidence are basically gretitan the buildings ones and the
grounds movements may be assumed constant oveuildeng length. Fig. 1 described the
main dimensions and characteristics of a mininggigmce for a longwall mine. But, at the
scale of one building compared to the extensioa afine, these ground movements are



quite similar in the case of a subsidence overamsoand pillars mine with or without
caving. Depending to the subsidence kinetic, locatf buildings in a subsidence is time
dependent. A building may be in the traction anddiwog area when the subsidence starts
and be in the compression and sagging area whesuigdence stops. When mining
subsidence is accidental, the kinetic is genenafigertain and the final location of the
building is considered to assess the lower bounthe@iground movements in the building
vicinity. Two parameters are used to quantify thbssdence intensity in relation to the
building damage: the horizontal ground strain thassociated with the horizontal load of
the buildings, and the ground curvature that iso@ased with the deflection of the
buildings.
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Fig. 1. Description of the main characteristicsolwed in mining subsidence and associated consegsen
(Saeidiet al. 2009). a) typical profiles of the ground displaesits and localisations of the
compression/sagging and the traction/hogging ab®akypical values of the subsidence dimension and
grounds movements. c) typical damage due to misitgidence in the city of Auboué, France.

The assessment of building damage in mining subsal&azard areas can be performed
using three types of methods: empirical, analytiaatl numerical methods. Empirical
methods are based on the analysis of a large numwibebservations of damage to
buildings. The simplest method is threshold valfethe ground displacements (Skempton
and MacDonald, (1956)). The National Coal Boardhuodt(NCB, (1975)) is one of the
most famous, and it addresses the damage assesaitierthe building length and the
horizontal ground strain. Analytical methods aresdmh on the use of beam theory
(Timoshenko, (1957)) to assess the global behavadua building in relation to its
geometry and mechanical properties. The first nmeethvas developed by Burland and
Wroth (1974), and many extensions are now avail@d®ne, (1996); Finnet al. (2005)).
Numerical methods are mostly used for the predictibground movements (Melit al.
(2002) and Coultharcet al. (1998)), the study of soil structure interactiondathe
assessment of the transmitted ground movementby(S@999), Franziugt al. (2006),
Son and Cording (2005), Burd, (2000)). But very fetwdies address the question of the
damage assessment with numerical methods.

None of these methods are able to make an accevataation of the building damage
because of the uncertainties about the soil-streghieraction phenomena that may occur



(Potts and Addenbrooke, (1997), Son and Cordin@&R0or because of the uncertainties
regarding building characteristics: strength ofenats, stiffness (Son and Cording (2007))
or relevant dimensions of the model used with tiedydgical model.

The problem raised by the uncertainties for thesssent of building damage is addressed
in other fields, such as in seismic engineering@Jice, (2004); HAZUS, (1999)), volcanic
engineering (Spena al. (2005)), and risk analysis related to tsunamidgfdand Hope,
(2008)). In these fields, vulnerability and fratjlicurves are used to assess the average
damage, and the damage distribution for all bugdinvith similar characteristics, as a
function of the event intensity. This approach pas/en to be a good compromise between
the accuracy of the results and the investmeninté and money required for the studies.
The development of such a method in the field afing subsidence represent a significant
innovation, and is an efficient way to assess thesiple damage that a whole city may
suffer due to mining subsidence (Saeital. 2009).

The objective of this research is the developménvubnerability functions in mining
subsidence hazard areas based on analytical metbodemage evaluation of masonry
buildings. Some modifications and extensions of #&xsting analytical methods are
provided in order to investigate the behaviourvad kinds of masonry buildings: masonry
buildings with or without reinforcement.

This paper first presents an introduction to theotly of vulnerability and fragility curves.
The analytical methods are then detailed and tloptad extensions are discussed. Then,
the global methodology for the development of vedibdity curves is presented and
illustrated using two building types. Finally, thvelnerability curves are tested on the
Lorraine region.

1.2.Vulnerability and fragility curves theory

Vulnerability and fragility curves are based on tledinition of a building typology, the use
of a hazard intensity criterion and the definitmma damage scale. They are developed for
each building type, and they allow a quick andistial damage assessment of all the
buildings that are grouped into the same type.example, the EMS-98 (Grunthal, (1998))
uses a twelve-level intensity criterion, severalding types and a six-level damage scale
that consists of: no damageo]Pslight damage (D, and so on up to very heavy damage
(Ds). Most of the existing methods define an equivialtember (four damage levels in the
HAZUS method (HAZUS (1999)) and six levels in th@oanic risk assessment (Spemte
al. (2005)). The criteria for the hazard intensityyniee a physical parameter (height or
speed for a tsunami, acceleration for an earthQuakean empirical one (earthquake
intensity in EMS-98; Grunthal, 1998).

Fragility curves provide the probability of reachiar exceeding a given damage level as a
function of the intensity of the hazard. They aseially modelled by lognormal functions
(Fig. 2-b).

Vulnerability curves are relationships between tiean of damages for a given type of
building and the value of the hazard intensity (Fler). These values can be calculated
with the fragility curves and Equation 1 (Lagomacsand Giovinazzi (2006)).



Equation 1 U, = P [D,

where b is the mean damage for a particular value of lthirdensity, R is the probability
of a damage level Dand k is the range of the damage category (fram3in the EMS-98
damage scale).

An example of these curves is shown in Fig. 2 fonassive stone masonry building (type
M4) according to the EMS-98 (Lagomarsino and Giaxi (2006)). Fig. 2-a shows the
damage distribution for this type of building fon @arthquake intensity of 11. After
calculating these damage distributions for all nstey levels, we can construct Fig. 2-b.
Then, all this material is combined to calculaten@an damage value from Equation 1;
thus, for each intensity level, we can plot thenewdbility curves shown in Fig. 2-c.
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Fig. 2. Damage distribution (a), fragility curvd® @nd vulnerability curves (c) for the M4 buildibgpe,
according to EMS-98.(Saeidt al. 2009)

In practical terms, when developed and validatedility and vulnerability curves are both
efficient and accurate. Vulnerability curves areduso obtain a synthetic value of the mean
damage to the buildings within a given territorngt €ach considered building type. When
applied to a single building, fragility curves mag used to assess the probability of
reaching a particular damage level. When appliesl get of buildings, fragility curves may
be used to assess the damage distribution ofesethuildings.

2. Methodology for the development of analytical vulnerability functionsin
subsidence area

The methodology adopted in this study to develomenability and fragility curves is

based on the damage assessment of a set of thabletildings whose characteristics are
consistent with a particular building type, but aleo variable in order to take into account
both the variability of the type and the uncertaisit The method is based on four steps

(Fig. 3).
The first step consists of preliminary choices rdgay a damage scale, an intensity
criterion and an analytical method for the buildolgmage evaluation. These choices will

be discussed in part 3, because they are highlgrdimt on the chosen analytical method,
as will be described. A five-level damage scalehesen, and the intensity criterion is the



horizontal ground strain parame®&found The second step consists of defining a building
typology and choosing the representative charatiesiof each type.

The third and fourth step consist on a Monte Cantoulation method. For each type, the
third step consists of simulating a database oDMfiual buildings whose characteristics
(e.g., height, length, materials, and mechanicapgnties) are consistent with the studied
building type. This step is presented in sectiof, 4vhere two building types are

considered: unreinforced masonry buildings andfoeced masonry buildings.

The fourth step consists of evaluating the damdgben1000 simulated buildings for one
value of the intensity criterion and counting thember of buildings into each damage
class. This leads to a graph similar to Fig. 2ral the results may then be used to plot a set
of points for both the fragility curve (probabilitf reaching or exceeding a given damage
class) and the vulnerability curve (mean damageglly, by repeating this step for all the
values of the horizontal ground strain, both thénerability and fragility curves can be
drawn. This step is discussed in sections 4.2 ahd 4

The fifth step consists of fitting a mathematicaldel to the results in order to express the
fragility and vulnerability as mathematical functs A tangent hyperbolic function is used
for the vulnerability functions, and a log-normahttion for the fragility functions.

Step 1: Choice of an intensity criterion (Horizontal ground strain), an
analytical method of damage assessment and a damage scale
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Step 2: Choice of building type with its geometrical
and mechanical parameters
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Fig. 3. Methodology for the determination of vulaletlity and fragility curves in the subsidence zone

The issue of the building relative positions intte tsettlement through needs further
clarification. Section 3 addresses the questiothefdevelopment of vulnerability curves.
These curves can be generated independently of@rsideration about a particular event.
However considerations about the location of eagifding in a subsidence through are
necessary to assess the specific value of thedmalkground strain in the vicinity of the

building and apply these functions. This pointiscdssed in section 5, with the application
and validation of the functions.

3. Preliminary choices

3.1.Choosing an analytical method for the evaluatiobwifding damage in subsidence
areas.

The first analytical method of building damage assgent was developed by Burland and
Wroth (1974), and several extensions are now availéBoscardin and Cording, (1989);
Boone, (1996); Burland, (1995); Boone, (2001); Bim al. (2005)). In these methods,
masonry buildings are modelled with an isotropid abastic beam with two supports,
loaded by a central or uniformly distributed lo&ddeflectionA is imposed on the beam to
model the ground curvature that corresponds tdémeling effect of the subsidence on the
building (Fig. 4). The maximum tensile strains dwebending deformation and shear
deformation are then calculated and compared \Withvalues of the critical tensile strains
for the determination of the damage class. Allla# turrent analytical methods use five
damage classes, and Table 1 gives the five dantagses defined by Burland (1995) and
Boscardin and Cording (1989).
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Fig. 4. Beam model for building in subsidence z¢afeer Burlandet al. (2004)).

Differences between these methods concern the tmagfdelf the subsidence effect, the
loading distribution (building weight), the locati@f the neutral axis, the building type and
the imposed relationships between the mechanicahpzters:

(i) Most of the methods consider the deflectibrio model the effect of the subsidence.
Boscardin and Cording (1989) extended the appradcBurland and Wroth (1974) by
superimposing the horizontal stragninduced by the horizontal ground strain onto those
generated by the bending of the beam. These metsxisne that the deflected beam is
then also subjected to a uniform extension overfutk depth. Consequently, both the
deflection and the horizontal strain are intensttiyeria (Kratzsch, (1983)). Nevertheless,
taking two intensity criteria into account may appdifficult for the development of
vulnerability functions that require the use of gk intensity criterion. Finally,
investigations are made to justify mathematicahtrehs between these two criteria, in
relation to the mining and geological context, #mese two criteria are reduced to one (see
section 3.3).

(i) Analytical methods consider different typeshafildings. Burland and Wroth (1974), as
well as Boscardin and Cording (1989), consider mgsbuildings modelled with isotropic
beams, and they suggest adjusting the ratio E/@GefYyoung’s modulus E to the shear
modulus G of the beam to be between 2.4 and 18.%rder to take into account the
influence of the openings (doors and windows) thatild cause an increase in the shear
deformation. Son and Cording (2007) investigatezl ghssible range of the E/G ratio in
relation to the number of windows, and they shoat this ratio may be close to 60. These
values denote an anisotropic behaviour of builditlggt is incompatible with the first
assumption of an isotropic beam that imposes argBfi@ between 2 and 3. Boone (1996,
2001) considers three types of buildings: load ingawvall masonry buildings, in-fill walls
and beam-in-frame structures. Finetoal. (2005) suggest a model to take into account the
positive influence of the concrete floors of builgs under study. The present paper
addresses the question of the vulnerability fumstiof masonry buildings and the method
chosen is based on the method of Burland (1995).

(i) Burland (1995) considered both a uniformlystiibuted and a central point load to
model the building weight. Boscardin and Cordin§89) and Finncet al. (2005) also
considered the central load assumption, while Bo¢h@36, 2001) considered the
uniformly distributed load assumption. In the prageaper, we have selected a uniformly
distributed load because it appears to be mordstiealthan the central point load
assumption.

(iv) The localisation of the neutral axis is alsalebatable question. In the hogging area,
Burland and Wroth (1974) and Boscardin and Cordir@89) consider that the neutral axis

is probably located at the bottom of the beam bezad the small tensile resistance of the
upper levels of the masonry building and the gretgesile resistance of the foundation

level. Boone (1996) considers this to be debathbbause of the influence of the floors and
the roof that may increase the tensile resistalmce@ur case, we have assumed that the
neutral axis is located in the middle, i.e., sup@ased on the central axis.



3.2.Details about the chosen analytical method for dgenavaluation

The chosen method is mainly based on the Burlartiodg1995) and explicitly takes into
account an anisotropic behaviour of buildings. Boéding is modelled as a transversely
isotropic and elastic beam with two supports (Bijg.with a length of L, a height of H, a
second moment of area I, and a uniform vertical lpahat represents the building weight.

The transversely isotropic behaviour is definedhws independents parameters. Two
Young’s modulus Eand E, two Poisson’s ratizyy, andvy; and one shear modulus,G
(Fig. 5). Assumptions are made to reduce to 3 thehber of independent parameters; =E
Ey =E and\}xy =Vxz =V.
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Fig. 5. Transversely isotropic beam model for magdwilding.

Two imposed movements are considered to modelfteetef the mining subsidence. A
vertical transmitted deflectioft is imposed at the centre of the beam to modeétteet of
the ground curvature, and a uniform horizontalgraitted strairen is imposed to model the
effect of the horizontal ground strain. Note thathA anden are dependent on the values
of the free-field ground displacement and the rs#$k of the building, because a rigid
building may induce important soil-structure intgrans that lead to reduced values of the
transmitted displacements. This point is furthedradsed in section 3.3.

Based on the theory of Timoshenko (1957), Burland ®roth (1974) identified two
critical sections in the beam where maximal terstitains will occur; the half span section
and the edge section. In these two sections, tkénmahtensile strain must be calculated in
order to allow a comparison to threshold values@aged with different damage classes.

The relationships betweeh and the maximum tensile stragg in the half-span critical
section, or the maximal diagonal tensile strainn the edge section, are calculated by



Burland (1995) according to Equation 2 and Equa8pmwhere y is the distance between
the neutral axis and the lower fibre of the beam.dNference exists between the isotropic
and the transversely isotropic models. Introductbnon-isotropic values of and E/G in
Burland’s expressions can appear as an heurispmaph to take into account the real
anisotropic behaviour of masonry walls. Howeveru&mn 2 and Equation 3 remain
similar for isotropic and transversely isotropic dets if it is assumed that, the normal to
centroidal axis remains normal and straight aferding. This assumption is confirmed by
Hashin (1967) that investigated plane anisotropgants and showed that the same
equations can be used with accuracy for isotropitamisotropic beams.

Equation 2 A5 + 30 E—E &
L |48y 2yOLH G
2
Equation 3 é: l SHILG
L 2 144EIEEI

The effect of the uniform horizontal transmittedast en, may then be added in order to
calculate the maximal value of the principal temsirain in the two critical sections.

In the half span critical section, bofhanden induce principal horizontal tensile strains.
The maximal tensile straigpmaxis then estimated as the sum of these two prihtgpesile
strains (Equation 4):

Equation 4 £

bmax

=g e

In the edge critical sectior) induces vertical shear stresses and ultimatelyagodal
principal tensile strain, whilen, induces a horizontal principal tensile strain. Thaximal
tensile strairegmaxis then evaluated using Mohr’s circle of straig&tion 5, Burlanekt al.
(2004)).

Equation 5 ‘5(—) \/ (:L 7y

By substituting the values @k in Equation 2 into Equation 4 ared in Equation 3 into
Equation 5, the relationship between the relatefedtion paramete\(L), the transmitted
horizontal straingy) and other building parameters is calculatedHerttvo critical sections
(Equation 6). The difference between the isotr@md the transversely isotropic models is
important in the second expression of the Equaiofror an isotropic beanv, can be
replaced by 2.E/G — 1 that leads to highly diff¢regsults than whewn, E and G are
independent.



Equation 6
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Burland et al. (1977) defined the concept of limiting tensileastreim that must be
compared to the maximal tensile straghsax andedmax to define the threshold value of the
maximal tensile strain before damage occurs. Likedardin and Cording (1989), Burland
et al. (1995) defined different threshold values for difiet damage levels according to
Table 1, and they considered these values forge lquantity of buildings. Most of the
analytical methods use these thresholds valuessesa the building damage, and we have
also used the same values.

Table 1. Threshold values of the limiting tensti@is €im associated with the five damage classes (Boscardin
and Cording, 1989; Burlaret al. (2004)).

Damage class Limiting tensile stain (€im)%
Do Negligible 0-0.05
D1 Very slight 0.05-0.075
D2 Slight 0.075-0.15
D3 Moderate 0.15-0.3
Dsand y | Severe to Very Severe >0.3

The two relations from Equation 6 are usually useglot theA/(L.€im) ratio versus the
L/H ratio for given values of the building mechaaliproperties and the uniform horizontal
transmitted straign. Fig. 6-a shows a result for the case wlegns set equal to 0, the E/G
ratio is 2.6 (case of an isotropic beam witls 0.3) and the neutral axis is in the middle.
This figure shows two curves: one is associated thié tensile strain due to shear near the
edges of the beam (Fig. 4-d), and the other iscaésted with the tensile strain due to
bending in the middle span of the building (Fige}4-The minimum value of\/L/gim
between these two curves is a critical value, dnchin be used to assess the maximal
admissible relative deflectio/L. For a given value of the limiting tensile strggim), the
smallest value of\/L/eim between the two curves indicates whether the rianull occur
near the edge section (shear) or near the middteosgbending). It appears that for small
values of the ratio L/H, failure will occur neartledge of the building where the maximal
tensile strain due to shear first reaches theiligpivaluesim. For greater values of the ratio
L/H, failure will occur in the middle section (Fi§-b).

For given values of the building dimensions and maeecal properties, the two relations of
Equation 6 are also used to plot the damage cyRigs 7), which are used to assess the
damage level in relation to the horizontal straid ¢he building deflection.

10
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Fig. 6. Limiting relationships between/()/¢&im and L/H.

Fig. 7 shows the damage curves for different sepmmmeters. Fig. 7-a shows the original
Burland (1995) curves for a point loaded beam with=1, E/G=2.6,u=0.3 and the neutral
axis in the bottom of the beam. A circular dotlstied in order to illustrate the use of these
curves. In the case &fL = 0.1% ancen = 0.2%, the damage is moderate. The discontinuity
of the damage curves is a consequence of the timndietween the failure mode-)
associated with the critical section wheggax Or €dmax first reach the value @im. Fig. 7-b
considers the same parameters, but the L/H rasetiso 3. In this case, the curves do not
show any discontinuity, and the failure always a@scin the middle critical section. A
comparison of the two figures (Fig. 7-a and Fidn) hows that buildings with L/H=3 are
more vulnerable than buildings with L/H=1.

Fig. 7-c investigates the effect of a uniform v&tiload and considers the same parameters
as Fig. 7-a. The results show that the centraltjoad assumption is not conservative. For
this reason, and because the uniformly distribldad is more realistic, the assumption of a
uniformly distributed load is justified in the proged methodology.
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Fig. 7. Damage identification curves for buildirayording to the Burland (1995) method.

Fig. 7-d investigates the influence of the neutrek localization. A comparison with Fig.
7-c shows that the bottom assumption is more cuatee. Nevertheless, because the
differences are small and because the relevandhiofassumption is debatable (Boone
1996), we prefer the assumption that the neutrialiaset in the middle of the beam.

Fig. 7-e investigates the influence of the E/Gorddir an transversely isotropic beam with

0=0.3. The comparison with Fig. 7-d shows importdifterences regarding the global
shape that reveal the importance of this parameter.

Fig. 7-f investigates the influence of the Poissamtio, used in Equation 6. A comparison
with Fig. 7-d shows that the model is not much #mesto this parameter.

All these comparisons demonstrate that none ofetlidesnage curves are suitable for all
buildings, and that it is important to calculatelarse the correct damage curve associated
with the most realistic building parameters.
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3.3.Determination of an intensity criteria in subsiderareas

The use of an analytical method to develop vulnétalbunctions raises two difficulties in
addition to the definition of the analytical method

(i) First, the chosen analytical method uses tHaesof the building induced movement
that may be significantly different than the valuwdéghe free-field ground movement that
would take place without any structure (Fig. 8)e3é differences are the consequence of
complex soil-structure interaction phenomena thatllto a transmitted value that may be
drastically reduced compared to the free-field gibunovement. Nevertheless, the free-
field ground movements appear to be relevant ferdmoice of intensity criteria because
they characterize the subsidence, while the tratestiniground movements characterize
both the subsidence and the soil-structure intemragt Several studies can be used to
predict the free-field ground movements (NCB, 19KEgtzsch, 1983). IDground andEground
are the free-field ground displacements, two coffits must be defined to quantify the
transmitted movementStructure@Ndestructure (EQuation 7).

R Ground
¢ A Structure

T

AL = ——— -8B

A Ground

Fig. 8. Deflection parameter for ground and street(lLeft) — case without structure. (Right) -casth a
structure and influence of the soil-structure iattion.

£ =K, &

structure - & ground

A= Ky

structure

Equation 7

ground

The determination of Kand k is difficult, and it depends on the soil and thectmanical
characteristics of the building. Boscardin and @Gayd1989) and Potts and Addenbrooke
(1997) investigated this question for a large ramoigleuildings. For masonry buildings with
dimensions and properties equivalent to those défim Table 2, and for a Young’'s
modulus of the ground between 50 to 300 MPa, tiheevaf Ke may vary between 1 and
30% in relation to the building stiffness, and tday vary between 20 and 70 %.

(i) Second, it has been shown that the choserytare method is based on two intensity
criteria: the building deflection and the transedtt horizontal strain. However, the
vulnerability functions are based on the use ofjueiintensity criteria. Moreover, most
empirical methods for building damage assessmeat sabsidence area are based on the
value of the free-field ground strain (NCB, 1975agder and Schimann, 1991; ¥ual.
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1988). Consequently, the free-field horizontal grdstrain appears to be the most efficient
choice for the intensity criteria. This choice emighe question of the relationship between
the free-field horizontal ground strain and theugra deflection.

According to the empirical studies from differenuatries for different geological contexts
and both longwall and room and pillar mining meth@karmiset al. (1984), Orchard and
Allen 1965), a relation between the free-field kontal ground straiggroundsand the ground
radius of curvature fundacan be defined according to Equation 8 (Fig. 9).

Equation 8 é’ground = Ksite\/l/ Rground

Ksite IS @ coefficient that probably depends on the @giohl and mining context (mining
method, mine geometry, overburden, ...) but no stubare investigated this point and its
determination is mainly based on empirical datg.(B).

0,04 : ; :

= Silesian,Poland, Bauer and Hunt (1981)

m=== China, Genge and Peng (1983)
0,035 . . . ysa, Karmis et al. (1984) “e=07V1/R"
= = = England, Orchard and Allen (1965)
E 0.03 - South Africa, Schmann(1992)
= ? — United Kingdom, NCB (1975) £=0.56V1/R
Ei 0,025 - | | £=0.53J1/R
T
= 0,02 - ;
2 . £€=036V1/R ,
-1]
8 0,015+ e=029V1/R
=]
£ 0,01 -
é : ; : £=0.158V1/R

0,005 - ’ AR m— S . S
0 T T T T T T
0 0,0005 0,001 0,0015 0,002 0,0025 0,003

Curvature (m-1)

Fig. 9. The values of & parameter in different regions.

Moreover, in the case of mining subsidence, thé&dimg length is mostly smaller than the
subsidence dimensions and the ground curvature lbeayassumed constant over the
building. It is then possible to calculate (bearaaity) the geometric relationship between
the ground curvature and the ground deflectiomguthe building length L and considering
a circular shape for both the ground and buildinglfcurvature (Kratzsch, 1983; Burland
and Wroth, 1974; Burland et al., 1977, Equation By. substituting Equation 9 into
Equation 8, the relationship between the grountedibn and the horizontal ground strain
is obtained (Equation 10). Then, by substitutingu&epn 10 into Equation 7, the
relationship between the building deflection ane tiorizontal structure strain is obtained
(Equation 11).
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Equation 9 B o = R
ground
1 A round ground
Equation 10 —gowmd - %
L 8Ksite
. A K L &2
Equation 11 Structure — - A — 3 Structure
L Ks |:Ksite 8

4. Application of the methodology for developing vulnerability and fragility curves
4.1.Choice of a building typology and construction afaabase of virtual buildings

The methodology used to develop the vulnerabilitg &agility curves is described in Fig.
3. The first step is presented in section 3. The-freld horizontal ground strain is chosen
as the intensity criteria, and the analytical mdti®based on the Burland method (1995).
The next steps of the methodology show that eadtevability curve is associated with a
building type. In this study, two masonry builditgpes are investigated, with the same
geometric parameters (L, H) taken into considematidnreinforced masonry buildings
(URM) that are moderately rigid are consideredtfissd more rigid reinforced masonry
buildings (RM) are considered second. Three parammeire directly related to the building
stiffness. For the RM buildings, the E/G is consedieto be smaller than for the URM
buildings (Burland 1995). In addition, the two paeters K and K are smaller for the
rigid buildings because of the increase in the-sioicture interaction phenomena (Potts
and Addenbrook, 1996). A discussion of the deteatiom of these important parameters is
not within the scope of this research. Their debeation for the two building types is
based on the results of Boscardin and Cording (L1888 Potts and Addenbrook (1996).
Table 2 describes the two building type, where gamfameter is variable because of the
variability of the buildings within the same typeaied to real physical and observed
differences between the buildings. Moreover, thidd also takes into account uncertainties
concerning their true characteristics.

Length and height are chosen to be representatitreeduildings in many mining regions,
particularly the Lorraine region.

Variability of the E/G ratio is estimated from tinemerical results of Son and Cording
(2007), who have investigated the equivalent sgsgBof masonry buildings with a distinct
element method. Regarding the masonry buildingBrance and in many countries, the
percentage of the open surface for the two typesnasonry buildings is considered
between 10 to 20%. The E/G ratio for the RM buidgirfbetween 2 and 5) is in accordance
with results obtained for a wall with equivalenteah and normal stiffness of the joints,
while for the URM buildings, the E/G ratio (betwegd and 15) is relevant for a wall with
a joint shear stiffness up to twenty times smahan the joint normal stiffness.
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The Poisson’s ratio, used to calculate the maxteradile strain on the edge critical section
of the beam (Equation 6), has a small variabili}y2 to 0.3. These values are in global
agreement with experimental studies on masonry arechl behaviour (Lourenco and
Rots, 1993).

Table 2 is used to develop a representative dagabieach building type with 1000

simulated buildings. To complete this database, vileability of all the parameters is

considered in agreement with the building type.Ehailding is then characterized by

random values that are consistent with uniform gbaliy distributions over the ranges

indicated in Table 2. After preliminary tests frd0 to 5000 rows, 1000 rows has proven
to provide acceptably accurate results for thed fiénerability curves.

Table 2. Variability of the parameters for the tiuglding types used in simulating a database af@ialr

buildings.
Building Soil and soil structure interaction coefficients
: E | E
= QO - = (O] 2 w
2 g =) S 5 | > & ¥ ¥
@ 3 T
Unreinforced
Masonry 20-30 7-10 | 2-4.2 10-15 0.2-0.3 0.1-0p 40 - 70% 0 - 30%
(URM)
Reinforced
Masonry 20-30 7-10 | 2-4.2 2-5 0.2-0.3 0.1-0.2 20-50% 2D%
(RM)

4.2.Development of vulnerability functions

According to Fig. 3, the fourth step of the methody is the damage assessment for all
1000 simulated buildings and for different valuek tbe horizontal ground strain.
Calculations are performed with Mathematica sofev@Volfram, 2007) in which the
analytical method is implemented. Because of thearpater variability, not all the
buildings suffer the same damage for a given vatdehorizontal ground strain.
Vulnerability curves for a given building type shdhe relationship between the mean
damage and the horizontal ground strain. The maarade is calculated from Equation 12.

. 4 N(D) 4
Equation 12 RGE ZT' D, = > .P(D,) D,
i=1 i=1
Up(€) is the mean damage for the vabgrund Of the horizontal ground strain, NijDs the

number of buildings in the damage classa®ong the 1000 simulated buildings, andiP(D
is the percentage of the 1000 buildings with a dgevat D.

Vulnerability curves may then be modelled in orttepbtain a vulnerability function. The
tangent hyperbolic function is often used in otlields (Lagomarsino et al. (2006)),
according to Equation 13.
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Equation 13 Hy(€) = a[b+TanHcle+d)]

wherepp(€) is the mean damage for a vak4eund Of the horizontal ground strain, and a, b,
c, and d are four coefficients that must be deteechifor each building type. For example
the vulnerability curves for the two building typésscribe in Table 2 are shown in Fig. 10.
The equations of the fitted curves for these twikdings types are:

For URM type: 1,(£)=2.1(0.89+Tanh(051.43)
For RM type: 1,(£)=2.1(0.88+Tanh(0.381.42)

4 . R B
r & * :
P I : :
a
L O
o AR
8 24eeen g T R L CL R T PP T EE T PP
1 4----------- -0 a Fitted curve/Analytical results for URM
: Fitted curve/Analytical results for RM
0 4 i 7 7 } i

0 2 4 6 8 10 12
Horizontal ground strain (mm/m)

Fig. 10. Vulnerability curves and functions for tH&M and RM building types.

Comparison of vulnerability curves in Fig. 10 shatvat for each value of the horizontal
ground strain, the mean damage for the reinforcaslomry buildings (RM) is less than that
for the unreinforced masonry buildings (URM). Tlgsconsistent with the fact that the
URM buildings are more vulnerable compared to thMeRiildings.

4.3. Sensitivity analysis

A sensibility analysis is performed to investigtite influence of each parameter. Values of
the URM building parameters are chosen for thereafee case of the analysis. Value of
each parameter is then modified so that the mehlre va multiplied or divided by a two
factor with a constant range of variation (TableR)r the parameter E/G, two ranges are
investigated. One that corresponds to a division abywo factor, and another that
corresponds to an isotropic behaviour.

Table 3. Variability of the parameters for the dlifisy analysis.

L2

Reference case Investigated value

L/H 2-4.2 5-7
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E/G 10-15 4-8 or 0.5-2.6

Ksite 0.1-0.2 0.25-0.35
Ke 10 - 30% 30 - 50%
Ka 40 - 70% 10 - 40%

Results of the sensibility analysis are shown op Eil. Effect of parameters Ksite, Ke and
KD appears more important than the effect of offeameters. The building vulnerability
increases when increasing the value @f Ka and E/G. On the contrary the building
vulnerability decrease whensi¢ and L/H increase.

Influence of K, Ka and Kt is logical. The value of the transmitted horizérgimain and
deflection increase with kand Ka (Equation 7). Moreover, Equation 10 shows thatafor
given value ofgroung the ground deflection and the final building deflon decrease when
Ksite INCreases.

Influence of the parameter E/G is really more caxrmnd depends on the value of L/H.
For small values of L/H, the maximal strain is mdikely to occur in the edge critical
section (Fig. 6). Second part of Equation 6 mhehtbe used and it can be observed that
€dmax INCreases with increasing E/G. On the contrany)dme values of L/H, the maximal
strain occurs in the mid-span critical section (Fy First part of Equation 6 must then be
used and it can be observed thatax decreases with increasing E/G.

Exact influence of L/H is also more complex. Intgadar, Fig. 6 shows that the building
vulnerability may reach a maximum for a particularlue of L/H (L/H = 2 with the
example of Fig. 6).
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Fig. 11. Sensibility analysis for the different gareters used to calculate the vulnerability curves.
4.4. Development of fragility curves

Fragility curves show the relationship between vhkie of the horizontal ground strain
€ground @and the probability of reaching or exceeding aegidamage level for a given
building. This probability is calculated with Eqicat 14.

i-1 N D i-1
Equation 14 P(Damage= D) =1- ) (B,)
J=1 =

P(D,)
n J

1

where P(Damage Dj) is the cumulative probability that the damageelesxceeds D;
N(Dj) is the number of buildings in the damage classaibdong the 1000 simulated
buildings; and n is the total number of simulategildings (n=1000). P(F) is the
percentage of the 1000 buildings whose damage. iR€&ults are shown in Fig. 12 for the
two building types. These results show that, th@wative probability P(Damage D) is
greater for the URM building type than for the Rypé.

URM
1 1
- =y 08 |
@I 0,8 E‘
.- E ——
g 0,4 -~D2 é 0.4 - D2
= 0,2 —D3 0,2 ~D3
= . | ~D4 | ™ : -~ D4
0 5 10 15 0 5 10 15
Horizontal ground strain (mm/m) Horizontal ground strain (mm/m)
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Fig. 12. Fragility curves for the URM and RM builditypes.

5. Application and validation of vulnerability curve
5.1. Application of vulnerability curves

When developed, vulnerability curves can be appltedssess building damage due to a
future possible subsidence. The first step is tteeliption of the subsidence parameters at
the ground surface: vertical subsidence and horoground displacements. Many
methods exist that are not into the scope of tapep (Whittaker and Reddish (1989), Melis
et al. (2002) and Coultharekt al. (1998)). The second step is the calculation of the
horizontal ground strain at the ground surfaceth vicinity of each building. Building
damage can then be assessed by the use of vulitgralnves.

Many uncertainties generally affect the estimatdrthe horizontal ground strain. Some
simplifications are then possible and a zoning teé torizontal ground strain can be
considered.

In all cases, vulnerability curves must be cargfulsed. Estimated damage is not the
damage of the building, but the mean of damage.\Wdpplied to a single building, this

damage can be considered as the most probable daméten applied to a group of

buildings of the same type affected by a roughhilsir horizontal ground strain, this

damage can be considered as the mean value ohthage of each building.

5.2.Validation of methodology with observed damage @asanry buildings in the Lorraine
region

In France, the Lorraine region features large gtiastof iron, salt, and coal deposits that
were heavily extracted until the beginning of th#9Qs (salt is still mined). The local
French administration estimates that 140 squaosnidgtres of land surface are undermined,
most of this area comprising abandoned mines theaé ltauses extensive underground
cavities.

Between 1996 and 1999, five accidental subsidemeate occurred, 30 to 50 years after
the extraction stopped (two in the city of AubonélD96, two in Moutier in 1997, and the
last one in Roncourt in 1999) and caused damagade than 500 dwellings (Deck,
(2002)). Many other cities and villages in Lorraimeay still be affected by this
phenomenon.

Information about the damage of each building ifatren to its geometrical and
architectural characteristics and the horizontadugd strain in its vicinity has been
collected for three of these events (Roncourt, Motitlaut and Moutier-Stade). Among all
the buildings located in the subsidence areast af 978 buildings of two types have been
selected. These types consist of unreinforced mmadaumldings (URM1) and reinforced
masonry buildings (RM1) with lengths between 1@@om, heights between 4 and 8 m and
other characteristics presented in Table 4. Theparameter in Lorraine is estimated to be
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0.1 to 0.2 (Al Heib, 2002; Deck, 2002) and the tparameters Kand k are estimated
from Boscardin and Cording (1989) and Potts andehthdook (1997). Final values are
similar to those adopted in the previous secticab(d 2).

Table 4 summarizes the variability of the paransetbat characterize the two building
types URM1 and RML1 in Lorraine. The vulnerabilityrees of the two building types are
calculated with the method described above. Engdidata are then used to compare these
curves with damage observations.

Table 4. Variability of the parameters for the Hings in the Lorraine region. Initial values for MR and

RM1 are those usually found in literature. Adjustedlies for URM1 and RM1 are obtained after conmagri
vulnerability curves and empirical data.

o Soil and soil structure Interaction
Building -
Coefficients
C -
Building 4 = S g2 = 0 - 2 g o Dat
type g= |25 | 4« X a
are
URM1 10-20 4-8| 1255 10-1  0.2-0.3 0.1-0.p F0% 10-30% | 178
buil
RM1 10-20 4-8| 1.25-5 2-5 0.2-0.3 0.1-0.2 20-50% 1-20% din
URM1 gs
- 4-8 - - | - _ 700 _ A5d
adjusted 10-20 1.25-5| 10-15| 0.2-0.3 0.1-0.2 50 - 70 35-45% qam
R_Ml 10-20 | 4-8 | 1.25-5 2-5 0.2-0.3 0.1-0.2 30 - 50% 10 - 20% age
adjusted din

the cities of Roncourt, Moutier-Haut and Moutiea®&. Damage of each building has been
assessed in detailed reports made by experts fromergmental administrations and

insurance companies. The main difficulty is thecakdtion of the horizontal ground strain

in the vicinity of each building. An extensive mtoring was implemented, but only the

vertical subsidence is satisfactorily known. Theizantal ground strain is dependent on
the ground curvature (Fig. 9) and its typical geofs shown in Fig. 13. Empirical equations

suggested in the literature (Whittaker and Red{i§t89)) are used to identify the location

where the horizontal strain is maximal, i.e. apprately the quarter of the distance

between the inflection point and the centre or bweder of the subsidence profile.

Consequently, for each building, a semi sectiorthef vertical subsidence is plotted and
three points are identified (Fig. 13): C is the teerof the subsidence, | is the inflexion

point of the profile and B is its border.
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Fig. 13. The method of calculation of horizontadgnd strain in each building.

The horizontal ground strain profile is linearizad the horizontal strain amplitude SAM
is assessed with a value between 0 and 1. SAMers tultiplied by the maximal value of
the horizontal ground strain (Equation 15, Whittadeed Reddish (1989)).

S

Max

H

where Sax is the maximum vertical subsidence, H is deptthefmine or excavation and K
is a coefficient that must be determined for eaahing region. In the Lorraine region, K is
between 1 and 1.5 (Al Heib (2002)) and a value.®5 1s considered.

The data regarding the damage (value between @)aaad the horizontal ground strain are
summarized in Table 5. Six ranges are considenethé&horizontal ground strain. For each
range, the number of concerned buildingsi®Nused to calculate the mean value of the

damageaup and of the straip.

Equation 15 Evax = K
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Table 5. Synthesis of damage observed in the Leenagion (France) for three critical subsidencené,
The mean value of damage and of the strain is lzdiémiiin order to compare observations with anedyti
vulnerability curves.

M outier-Haut M outier-Stade Roncourt
€ground e Hb Nb €ground e MUb Nb € ground e Hb Nb
[mm/m] [mm/m] [mm/m] [mm/m] [mm/m] [mm/m]
<2 1 13 34 <2 1 15| 40 <2 1 0.93 14
2-4 29 2.43 14 2-4 3 1.7 15 >2 34 1.6 13
4-6 4.9 3.63 8 4-6 4.3 2.3 7
6-8 7 3.6 5
8-10 9 35 12
>10 12 34 16

Results are then compared with vulnerability curvegig. 14-a. This comparison shows
that there is good agreement between the buildiagpadie data in Lorraine and the
calculated vulnerability curves. Nevertheless sdtifferences exist for the smallest and
largest values of the horizontal ground strain. Vakerability functions underestimate the
damage for the smallest values of the horizontaligd strain (less than 3 mm/m) and
overestimate the damage for the greatest valuesat@gr than 9 mm/m). One possible
explanation of these differences is the existerfcpreliminary building damage due to
building aging and other building pathologies (esgitlement during construction). For the
greatest values of the horizontal ground straia,aberestimation of the damage shows that
there are always some building types that are gé&otihan the predicted resistance.

Moreover, differences between the data and theevahility functions in Fig. 14-a may
also be a consequence of the uncertainties regptta values of the two soil-structure
interaction parameters:\AKKe. A retrospective analysis is performed in ordefinal the
best values of these two parameters. Final valteegraater than initial values (Table 4 for
adjusted RM1 and URM1). This means that the reamhsimission ratio of the ground
movements is probably greater than the predictéd. r&ig. 14-b shows a comparison
between the building damage data and the adjusteenability curves.

In conclusion, the methodology for the determinaid vulnerability curves is efficient for
the prediction of building damage in a subsidernmeez A key point of the method is the
choice and the justification of the soil-structurderaction parameters that must be
specifically defined for each mining and buildirgntext.
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Fig. 14. Vulnerability curves for reinforced andreimforced masonry buildings in Lorraine, and a
comparison with observed damage data in threesdiiutier-Stade, Moutier-Haut and Roncourt). (a)
preliminary vulnerability curves with initial valseof the soil-structure interaction parametegs . (b)
adjusted vulnerability curves with adjusted valaéthe soil-structure interaction parameters.
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6. Conclusion and per spectives

This paper has investigated a method for the dewsdmt of vulnerability and fragility
curves based on the use of analytical methodsdirdaveloped and used for the damage
assessment in mining subsidence areas.

The analytical method of Burland (1995) has beeedu®r damage assessment in
relation to the horizontal strain and the deflatticansmitted to buildings. An transversely
anisotropic behaviour is considered so that bugsliare characterized by three independent
parameters. Three coefficientssgik Ka, Ke) have been used to estimate the strain and
deflection from the free-field horizontal groundash. Ksite IS @ characteristic of the mining
and geological context of the studied area, whileakd kK are characteristics of the soil-
structure interaction, and depend on the differencsiffness between the ground and the
building. Realistic values of these coefficientsdnédeen suggested based on the research of
Boscardin and Cording (1989) and Potts and Addexkb996).

Damage curves were plotted, in addition to the dpnwarve of Burland (1995), in order to
investigate the influence of the geometrical andimeical parameters of the buildings.
The L/H and E/G ratios both appeared to have afgignt influence.

Vulnerability and fragility curves are efficient theds for the assessment of building
damage. They also take into account uncertaintyhen assessment process. Their use
allows the probability to reach or exceed any gitamage level for assessment. Therefore,
they constitute an important extension of the @xgsinethods for the damage assessment
in mining subsidence hazard areas. The Mont Carlalation method was used to develop
the vulnerability functions with a database of 1@&@ulated buildings whose parameters
are randomly chosen within their possible rangeaoiation for each building type.

Vulnerability and fragility curves have been deywsd for two building types that are
typical of a large number of countries: unreinfaramasonry buildings and reinforced
masonry buildings with lengths between 10 and 2€@meand heights between 7 and 10
meters. Three ranges of variation have also beessiigated for the e parameter, in
order to increase the number of sites where thesldped curves may be used for
operational assessment of the building damage.

Finally, the methodology is applied in the Frendgion of Lorraine, where mining

subsidence hazard is a concern. Two specific vabily curves are calculated and
compared to the damage observed after 3 miningidere events. The results showed
good agreement between the theoretical and obsdaradge.

This research will be put into practise for theeassnent of building damage that may
occur over a large number of abandoned iron-mime&arraine. Almost 90% of the
buildings can be classified into a set of aboutlieidding types. Damage results will then
be useful to define a better strategy for risk gaition.

The methodology used to develop vulnerability fiorts could probably be used to
develop vulnerability functions in the case of teling induced ground movement, but
with some modifications. In particular, this woulkeljuire reconsidering relations between
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the horizontal ground strain, the ground curvatanel the deflection, in relation to the
building length and the subsidence dimensions.
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