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Context of Post-Mining risk-management : mining history

J Uranium ® Tin

J Gold ® Tungsten
@ Lead,zinc ) Antimony
) Copper J Arsenic

@ Iron @ Coal, lignite

J Aluminium @ Barite, fluorine
@ Salts

Size: Small Medium Large

Favourable Geology

« "Old" crystalline massifs

* "Young" crystalline massifs

+ Large sedimentary basins
(Palaeozoic & Mesozoic)

Main substances districts
(last closure date):

Mine deposits in
France (inland)

Tungsten (1986)

More than 800 sites, / Iron (1995)

mined over 2 /

centuries or more... R '“."“"
/

Potash (2003)

Coal (2004)
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Context of Post-Mining risk-management : the actors

* In the late 1990s, dramatic damages to buildings
occured in the Lorraine iron ore district

Driver for the French State to progressively (1997-

2006) setup a Post-Mining framework to Manage

Post-Mining risks

- Assess hazards and risks (= “expert” side)

- Monitor identified areas, “repair” damages (=2
“‘operational management” side)

General Directorate for
Risk Prevention (DGPR)
+

# Regional divisions (DREAL) 8

BRGM new missions set out in a Decree issued in yd AN

2006 / “

+ Creation of the Department for Mine Safety and Risk I,.’f \
Prevention (DPSM), with initial human resources Post-Mining
(~120) support from the former “Charbonnages de | Actors
France” national company

- DPSM acts as a State-delegated operational National expert Sfﬁiﬁ;ﬂgffjﬁjﬂ post
management Operator GEODERIS management
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Context of Post-Mining risk-management : the BRGM/DPSM

Geographical organization
« 1 national management and technical support unit (DIR)
* 4 local units (UTAM), acting as field workforces

Human resources

- Total of 92 peoples

« An overall of 15 specialties, including functional
and operational (geology, hydrogeology,
mining, geotechnics, civil engineering,
hydraulics, environment, electrotechnics, GIS,
data management, archives management...)

BRGM Orléans

UTAM Est, Freyming-Merlebach

<0 O ©

UTAM Nord, Billy-Montigny

9 UTAM Sud, Gardanne

Financial resources and expenses Breakdown of expenses, year 2021

* An overall budget around 30 M€/year (36.7 M€)
(average), fully State funded sajaries Structure

« Main 3 contributors of expenses: Safety works, M
Monitoring, Salaries

Monitoring
Safety 35%
works Specific

37% operations

2%

re durable

BRGM SERVICE GEOLOGIQUE NATIONAL WWW.BRGM.FR




Hazards qualification and risk evaluation

Hazard = probability of occurrence (predisposition) X intensity (severity).

Intensity

Intensity class Diameter of collapse

Self-backfilled collapses
Very low in immediate proximity to the surface
(centimeters in depth)

Predisposition

Intensity
Moderate 5m<@<10m
Low Medium High @>10m

Predisposition

Site already concerned by similar phenomena.

Source: Ineris, 2019

High

Aggravating factors : water infiltrations,
corroded or degraded support, etc.

Risk = Hazard X stakes (human lives, infrastructures)

If no stakes mm==) no risk!
High level of risk mmm)  SUrvey necessary, if not possible treatment or expropriation

Medium level of risk mms=) survey if technically possible

s pour une Terre durable
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Légende :

Hazards qualification and risk evaluation Cusages crontunar
[ ] Puitsmaté.riiili;é :l Enmirﬂgtr;misé
[0 Puits localisé m]ﬂﬂ]] E‘:“ﬂf:‘::’:&a”*
Hazards and risks maps defined by [GE JDERIS () s s Lintes aminsitues
ible sur puits |:| F—

/"*  Data collection : past mining activities, mine plans,
past disturbance, etc.

¢ On-site investigations :

o track of structures connected to the surface (drifts,
shafts), of ground disturbance,

o Reconnaissance visits to underground structures
when possible, investigation boreholes,

Information phase
A

\_ o Contact with local people, etc.

mm) hazard evaluation phase.

Localized collapse (sinkhole) hazard map over
underground works and around shafts.

Le Pradal, Hérault (south France), old (middle age) lead mine.
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Ground movements phenomena

® Localized collapse: g g s

o Sinkhole: low depth underground drifts Formation d'un fontis
(< 50 m, > 70 m for high rooms); rooms (VJ\\
and pillars exploitation, isolated galleries; A
roof rupture and propagation toward the @ W
surface;

o Mine shaft collapse : backfill run-out,
shaft lining rupture followed by shaft-
head rupture;

Puits
remblayé

Zone d’aléa

Terrains meubles

Terrains résistants =

1 Débourrage du puits
2 Rupture du cuvelage
3 Rupture téte de puits fontis

Montjean sur Loire (2013) — coal mine
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Ground movements phenomena

¢ Continuous subsidence:
o Roof collapse of large and deep
underground cavities with deformable
overburden ;

o Due to deferred failure of stabilizing
elements (pillar, wall);

o Generally slow process, leading to

topographical depression;
o Potential damages at the steepest line
of the depression.

e dEpARTEMENT
BEOINZENIERIE

Zone de traction
et convexe

Zone de compression

P

m—

TIITY
Structure initiale (terrain horizontal)

Zone de plus grande pente

¢ Uplift;
o due to rising groundwater following mine closure;
o Resaturation of previously drained formation;
o  Generally slow process with low slope.

@ bl}éustiences pour une Terre durable
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Ground movements phenomena

® Generalized collapse:
o Rooms and pillars exploitation with high
extraction rate; W (T
o Propagating failure of pillars leading to roof — & ,é‘
failure. &
¢ Discontinuous subsidence: ' g
o Partial exploitations, overburden with brittle
layer(s); Lorraine iron basin, Provence Coal basin; Les Espeyroux, Muret le Chateau (12) ~iron mine
o Shearing of the roof along its edge supports;
o Kinetic much more rapid.
¢ Crevices:
o Fracture of a brittle layer in the overburden
due to subsidence;
o  Discovered during levelling works or by erosion;
o Lorraine iron and coal basins.
[ J

Settlement:
o Rearrangement or compaction of material;
o Limited effect without danger to human life.
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Risk management: collapse monitoring

¢ Monitoring methodology depends on whether the cavity is accessible in good safety

condition or not.
If YES

® Visual inspection (direct monitoring)
o At afrequency depending on:
+ Therisk level;
~ Evolution observed;
o Photos, painted marks;

o Additional measurements (telemeter, cracks measurements).

26/09/2011

BRGM SERVILE GEULUGIYUE NATIUNAL WV W.BRGIVI.FK

23/03/2015

May sur Orne — Normandie - iron mine

Ohrg

s pour une Terre durable

m



Risk management: collapse monitoring

®  Monitoring methodology depends on whether the caV|ty 5 accessnble in good safety
condition or not. — =73 :

If NO

¢ Boreholes monitoring:
o At afrequency depending on:
+ Therisk level;

~ Evolution observed;
o Camera, laser (sonar for flooded cavities).

¢  Drones

¢ Instrumentation
o Roof/ground
displacement
monitoring

ne Terre durable
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Risk management: subsidence monitoring

¢ Continuous subsidence, uplift
m==) slow mechanism

o Levelling lines/networks;
o Precision few mm to few cm;
o Benchmark points need to be stable!

o InSAR (Sentinel-1, Copernicus);
o Precision few mm/year; —
. [

- Resolution 10 to a few 10t meters;

e ¢

o Data every 6/12 days, time analysis e
possible;

o  Application to Nord-Pas de Calais and

Provence coal basins, under study for

other sites.

Angevillers — Lorraine iron basin

@ bﬁéustiences pour une Terre durable
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Risk management: subsidence monitoring

ON SITE

INERIS

LABORATORY AT

¢ Discontinuous subsidence
mm=) rapid mechanism

o Microseismic survey;
o  Detection of collapse precursors;
o Alarm and alert procedures.

o Quiet on the Lorraine iron basin;

o More activity on the Provence coal basin;
o But essentially outside risk area;
o Due to mine water level fluctuation
in connection with natural faults
crossing mining works.

BRGM SERVICE GEOLOGIQUE NATIONAL WWW.BRGM.FR

SENSOR MICROSEISMIC

e Detection

i

1

LOCAL
ACQUISITION CENTRAL

NANCY

CENTRAL
PROCESSING

*  Treatment

*  Permanent monitoring
e Seismic alarm

management

4 Transmission by
phone line or ADSL

Géosciences pour une Terre durable
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Risk management: treatment/mitigation

*  Cavity filling

(@)

(@)

¢ Surface reinforcements

(@)

BRGM SERVICE GEOLOGIQUE NATIONAL WWW.BRGM.FR

Generally with concrete;
Needs the construction of barrages

to delimit the area to be treated;

Needs most of the time boreholes for
cavity filling and/or barrages confection;
Generally < 1000 m3 but - 11000 m3
Alternative filling material:

+ Expanding foam: used for barrages
sealing or small cavities, too low
mechanical strength;

+ Clay pellets and resin: if superimposed

levels for example.

Geogrids, concrete slabs




Risk management: treatment/mitigation

¢ shaft
o Self-supporting plug:
~ Pre-cap to support the casting of the
concrete column;
~ Geometrical irregularities of the shaft
lining guarantee the plug withstands

shear stress;

® Localized collapse
o Pre-filling with rock blocs;
o  Concrete filling;
o Back-filling and levelling;
o Capping slab or tumulus.

¢ Open galleries
o  Concrete plug;
o Openings for water and fauna
(bats).

Géosciences pour une Terre durable

brgm
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Conclusion: a few data

Underground works monitoring Levelling
* Mainly in 2 former mining districts (Lorraine and * 90 classical networks
Normandy, iron mines) + 3000 km? InSAR coverage

* More than 60 cavities
+ Around 20 km of monitored drifts (visual inspection)  (icroseismic
« 35 inspection boreholes (video & laser or sonar

surveys) « 2 former mining districts (Lorraine iron basin

and Provence coal basin)
« 27 networks with 43 stations

Mitigation/treatment works

Cost per type of works (k€)

+ Last 3 years (2019-2021) Nb per type of works

i

= shafts and open galleries « localeed collapses « cavities

» shafts and open galleries  » localeed collapses = cavities
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