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FUNDAMENTAL QUESTION:
What are the mechanical parameters of rock across a cluster?

Measurements on samples of small scales or large sizes

The mechanical parameters are
unknown to a mass scale:

Effective stress?
Friction effective?
Damage?

@ Empirical methods

Measure: Quialitative description of the .
€. rock mass Estimation:
MEChaniCal e | (5cqle fracturing, alteration, | === Mechanical
parameters In hydraulic ...) parameters at
small scale large scale

Bieniawski (1976), Hoek & Brown (1980)
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Description of the rock in the elastic approximation :

* Lamé parameters and density :
* Wave velocity in soil :
* Young's modulus and Poisson's ratio : E, v

A W, p

a=(A+2p)/p)"?,B=(pn/p)"

DETERMINE p, open a new measure field at natural scale

* Uniaxial stress (c=E ), E = ( 3A2pn) u/ (A+p), v = ( 2—(a/B)?) / ( 2-2 (a/B)?)
* Compressibility coefficient and shear modulus: K, G
* Modules and elastic coefficients are related: 1/E = 1/9K + 1/3G

Problems of real massive

* A building complex

Damage (evolution of the fracture, internal
erosion, ...)

Traffic fluid (chemical alteration, variation of
porosity...)

A temporal evolution

Ante/post-eruptive volcanoes phases
Managing resources and reserves (environment,
hydrology karst)

Midfielder cashing storage (CO,, chemical
waste, nuclear, ...)

Underground Engineering (structures, mining)

Pierre Salin Géosciences-Azur
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continuous infiltration

transmission

Vertical shafts

and fissiies

transmission

secondary storage

drains, conduits
Annex-to-drain sytem

Jacob et al. (2008)




THE HISTORICAL AND RECENT EXPERIMENTS

Muons flux measure

Pyramid
Using cosmic rays in order to detect the presence of a
secret chamber in the Pyramid of Chephren,
experiment was install in the Belzoni chamber. Muons
through a cavity lose less energy by interaction
compared to crossing the limestone composing the
pyramid.

Luis Alvarez et al. (1970)

“the results of all this is that we found the pyramid
fo be quite solid, with no chambers comparable
in size to those found above the plateau level, ing
the Great Pyramid.”

L Pays I’APT

,
4

S <«2m —» _ photomultiplier g T
scintillation counter
light guide

'rl]e;gm 415/843-2740
magnetostrictive
spark chambers

August 2, 1976

scintillation counter

iron absorber

Fig. 2. (a) The known chambers in Cheops’ pyramid. In the body are A, the

Scinfiuafion COUMEP King's Chamber; B, the Queen’s Chamber; and C, the Grand Gallery. The
centerline of the pyramid is indicated. (b) Are there undiscovered chambers
in Chephren’s pyramid?

[L.aboratoire Souterrain a Bas Bruit RUSTRE

=134 M »=0.7m
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\ RECENT EXPERIMENTS

— 600 [
500 | o
a00 £ **:*-'* e
300 [ ¥
. - S
» Neutrino CHOOZ experiment o :
Highlighting some of azimuth o B
0 10 20 30 40 50 60 70

differences between the flux of muons 0 Gunith) distrbution
expected and actual flows measured at g
the detector at the site of the Chooz
experiment. Baldini et al. (1995)

This difference is attributed to crossing -
a geological level higher density for ) A S S

0 50 100 150 200 250 300 350

these specific azimuth and zenith.  imuth) distibution

 Other experiments
In the case of Asama volcano Tanaka Nol. Detector
et al. (2005), shows that it is possible to

distinguish the density contrasts of the

order of 1 to 3%. No2. Detector

Hwnxc = 588 mrad

[# | wax = 588 mrad

v plane

 Control for cross-border transport
of nuclear materials.

Radiographic imaging with cosmic-ray
muons. NATURE-Vol422- (20 march
2003) - s
Natural background particles could be | - B . -
exploited to detect concealed nuclear B TR
materials. -

Frequency
(arbitary units)

" Experiment ~~ Simulation
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TOMOGRAPHY BY MUONS SCATTERING

» Tomography of canisters for spent nuclear fuel

Scatter
point

—f—
Incoming

trajectory Scatter angle, O

}!L. /;./

Outgoi
Thickness of o

trajectory

target,L

Joel Gustafsson (thesis)

IISSSSSN,

X7 7777777

(L LT IN

Fig. 6. A muon attenuation CT system.

A 525 (2004) 346-351 A prototype of the canister for spent nuclear fuel
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]ﬁv OBJECTIVES OF THE PROJECT T2DM2

- Accessing a hew measure for characterizing geosciences
mechanics of subsurface materials
* Develop a versatile and flexible instrument for the
geosciences community

* Methodology for “muoscopy”
Constraints: Size, solid geometry, time-scale processes, ...

Numerical simulation (Music, Kudryavtsev et al., 2008) prior to calibration:

» Duration of exposure vis-a-vis the time scale on the processes observed

» Cover and geometric topology of the network of telescopes and precision
field of views and the surface of each detector,

* Number of detectors

* Spatial resolution possible based on solid geometry / network

Muoscopy - Densitometry

 Construction of 4 prototypes and measures

» Establishment of codes of tomography inversion / simulation (Geant, Music...) &
coupling between densitometry imaging and seismic imaging (Young's modulus)

» Coupling measures spatial-temporal density and field variations gravity (location,

water flow dynamics in the ZNS)
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DESIGN OF TELESCOPES NETWORK TO BASED ON THE SIMULATION

Count rate:

Number of muons (m-2 day'sr-1): depending on the thickness, density & atomic compound of
materials encountered

)

2z -1
s sr

v .
I (cm

290

0.01

0.0001

le-06

le-08

1e-10

le-12

b

280

Crouch (EX)

Baksan (EX)

LVD EX)

MARCO (EX)

Frejus (EX)

Crookes and Rastin (EX)
Barzamasco et al (EX)
Stockel (EX)
Castaznoli et al (EX)
Avan and Avan (EX)

Density (g/cm”)

270

ey

g

r

260

AL/

AQ/P

wn

Relative change of counting rate
per relative change in density

200 400

&,
\ Randall and Hazen (EX) 600

Clay and Van Gemert (EX)

Wilsan (EX)

Hudryavizev (MC)

Present work (MC)

dFXxt+trwvhahgiduedO

AP (glem?)

lelgor—

0.1

Average vertical muons intensity Iv p(h) versus vertical depth h

beneath

1 10
hkmwe.)

a flat surface in standard rock.

Standard error in density determination

700

1*(particles/day)

800 0 600

Telescope depth (m)

Malmquvist et al. (1979)

0.01
0

arXiv:hep-ph/0604078 v2 25 Aug 2006
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Iﬁv DESIGN OF TELESCOPES TO NETWORK BASED ON THE SIMULATION

For each telescope: Delta Théta = 4°
*Exposure versus surface of the telescope 20
The temporal resolution depends on the speed | |
: - o
physical processes observed, which are 5
varying density, and duration of resilience of g
the environment. The required area depends é :
on the time scale processes and counting rate. | ¢ * 50 m
2
o0 ,li 5|e:hsa°rl|tillons de lixiviats e HMaximum 0 015% Précision 1%
18 4 donnges | || Movenne sur la densité
15 Delta Théta = 10°
»5 S=4m
% 12 w 20
Blondel (2008) | 3
g | o 15
o
G L0 10
- §
2 T Ay y=,3.o§;s1L0n;xz>0+320.336 4 5
N T stagg - 2022 200 m|500 m 200 m(500 m 200 m(500 m
' e 0 1% 1,5% 2%
’ * - " " remps de stjourmoyen) o Précision sur densité

Residence time and exposure times depending on the depth and accuracy of
measurement desired
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&
ﬂ DESIGN OF TELESCOPES TO NETWORK BASED ON THE SIMULATION

Network design:

» Spatial resolution and number of detectors

Tomography requires redundancy absorption measurements under different zeniths
and / or azimuths to get a good lighting environment. Binding global opening and the

angular resolution of each telescope, the network topology to deploy and the number
of telescopes.

500 Gravimétrie différentielle
500 (Jacob & al. 2008, Merlet & al., 2008)
450 450 e Muoscopie — Densitométrie (T2DM2)

400 400
T 350 E 30
£ 300 S 300
= §
S 250 3 250
i 1]

200 200

150 150

100 100

50 50

0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Distance (m) Distance (m)

Simulation: Inversion:
- Optimizing coverage lterative process involving modeling muons
Surface, aperture and resolution flux expected from the topology

(MUSIC, Kudryavtsev et al. 2008)
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PROTOTYPE DEVELOPPEMENT AND TUNING

% Experimental development at LSBB (karst)
g to benefit from the combination of multi-

Z parametric measurements from different
- scientific projects conducted in the

|

Bas Bruit RUSTRLE

laboratory
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—
. : FRACTURATION DANS LES GALERIES
— (levés S.E.R.E.B)
: o — Réseau de fractures visibles en surface (D) Galerie A -P.M 02220 - Servitude -
= s Faille majeure kilometrique
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= Réseau de fractures observées en galerie
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—~ Faille secondaire avec zone broyée
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A PM 238 : Point Métrique 238 m
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L
|
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—
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—
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-
~
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~
'Y Laboratoire Souterrain a Bas Bruit
Low Noise Inter Disciplinary Underground Science & Technology
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Iﬁv DESIGN OF TELESCOPES TO NETWORK BASED ON THE SIMULATION

Build the network:

* Pixelization (strips X & Y)

The angular resolution and the distance between planes require the pixel size.

The number of pixels and the electronics require (real time processing, discrimination
and signal acquisition) forcing the cost.

The time measurement requires the surface of the telescope.

The angular resolution, the aperture, the exposed surface can vary for each, we must
design a versatile and flexible telescope
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1 DESIGN OF TELESCOPE AND TECHNOLOGY CHOICES

Micromegas-Bulk in TPC mode 3

/
drift (-HT 2)
-Combine triggering and tracking functions E ~ 0.7/cm

-Spatial resolution ~ 100 um (O, ., < 45°)

track

-Good double track resolution

.Time resolution ~ 5 ns

Efficiency > 98% {
-Rate capability > 5 kHz/cm? ~ 120 ym

Lllllllllll.ll lll mesh (_HT‘I)

-Potential for going to large areas (1 x 2 m? with

industrial processes) “. MAROC3, DIRAC.... _»-
-Cost effective
Thank to P. Lengo (CERN) Four T2K prototypes will be used

* For gas studies
*Electronic final choice
*FPGA configuration

« Micromegas in a bulk » NIM A 560 (2006) 405-408
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DESIGN OF TELESCOPE AND TECHNOLOGY CHOICES

MAROC3 ASIC
9 SUMs
CHANNEL 63 Hold 1 Hold 2 \
CHANNEL 0 in ADC
EN_ADC=1 an
H1H2_choice=1
S&H W
SUM of 8 B (
channels ,1'3 - EN_ADC=1 and MUX Multiplex
| H1 Fi2_choice=0 charge output
crdien j RC % Zlat;\:: ls)Leaper
cmd ss
5
- cmd fsu U i’ | cmd fsb_fsu
- Preamplifier Fasrt“gﬁaz;l)re F PGA
—
Gam(;zri;se)chon T DC
cmd_fsb cmd_fsb_fsu isb fsu
_/[ Faz;r;oh'g;e, (6t+x200ps, 1,5us deep)
};alf Blhpolar O Patern recognltlon
ast shaper. g2 “ 7] . .
T e « “XY” coincidence
*Tracks identification
Common to the 64 channels d1[63-0]1 OR1
d2[63..0] OR2
Wilkinson ADC
Vbandgap e
T, ADC_output

Bias

DAC 1 Vth 1
10 bits

8bits, 10bits or 12 bits
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TECHNOLOGY & DIMENTIONAL CHOICES

Track inclination: 40°
Ar:CF,:iC,H,, (95:3:2)

Drift field: 360 V/cm
=

220
200
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160

nnnnnnn

sssss

140
120
100
80
60
40
20

0: 212 um
Oum: 203 v
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Strip pitch: 1000 hm
Strip width: 900 pm

If more
increa

hey or
drift length!

Strip pitch: 500 um
Strip width: 400 um

[ Micromegas residuals |
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100
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80—
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20—

D-\\m\-‘\\\
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4
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N

o

Drift length vs time

Drift path (mm)

-

o)
)

D

— Linear (Drift length vs

-5 5 15 25 35
Drift time (ns)

P. Lengo — IEEE-NSS 21 October 2008, Dresden

Prototype detector

1 250mm

[ =]

50mm

450mm

(ds)

>egmentatio

50 1 150mm

CERN-RD51 mini-week 23-25 September 2009 15



GOALS: PROTOTYPE GAS-SETUP

» Demonstrate experimentally that it is possible
to maintain the functional quality of gas for
several months up to a year with a few liters

reserve
. . . 5 Soupape de sécurild 50 mbar
» Determine the gas mixture the more suitable Ri9 f O bulleur de sécurité typa CERN
(drift speed, gain, stability) to obtain the best Db.2 z Dabimitre 2
angular and spatial resolution
ofle & gaz —. Cathode (électrode de dérive RIG6 )
st fd — DETECTEUR HAUT electede dodeme) Rls Anti-Retour

Té 9
M2

TE 7 ! TéE. 10
V9 o R14 Vi Débimetra 1
D2 DETECTEUR BAS E Db.l  pesimetre Détendeu: 2 Slages
_ _” anuelVolumi
re. 6 i i ! 2
anti-Retour f
Vase d'expansion S ﬁ
RIH
=
e
Té. 1 &
Fillres particules : Fillre particules g
«Milipores 0.22m V2 ¥l R4 aMilipores 0.22um ﬁ
Carteucha fillrante .
Cartouche fillrante RS R Te.2 B0 litre
'l.él 5 T T re. Aake 5
; % Pompe de
L SN ﬁ et V6 V5 cirsulation g
RO RY Te. 4 =
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Iﬁv PROSPECTIVE MEDIUM AND LONG TERMS

500

450

Through the project T2DM2:

*Provide tools for digital modeling of device
acquisition and reversal

» Develop a website to disseminate
knowledge of this measure Federate a
community of interest and define the outline
fundamental questions that can be studied
with the muoscopy

400

350
300
250

Elevation (m)

200
150

100

50

0 100 200 300 400 500 600 700
Distance (m)

Beyond Project T2DM2:

Exploration of different problems:
corruption within the gravitational
movements (eg tunnel Sechillienne,
gneiss), environmental monitoring in
underground storage (Bures, clays) or
even oil exploration. Create a national
network of portable telescopes (number 50
to 100 telescopes?)

Generation Project, ANR, Region, Europe

b g .
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CONCLUSION

Technological choices:
 To have smaller pixels: monitoring and survey of civil engineering structures,
wells (gas, oil, water, storage, ...)
* To have an overall height reduced through a measuring time on pixels
(Equipment Gallery)

Applications:

* Involvement hydrogeology : hydraulic flow
* Involvement CO? stockage : macroscopic properties of the rock

Calendar:
» Methodology and test LSBB 2009-2010 ==> new funding for extension up to
80 telescopes
» Deployment then mine (water monitoring) and landslides (monitoring of
damage)

Our needs :
« Embed a group for modeling aspects
» Generate an RDA project to develop a network of observation from 40 to 80
telescopes
We research collaborations and related applications into existing programs

ANY HELP WILL BE WELCOME!!
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Klimushin ;(April 16,2006); arXiv :hep-ph/0010322 v3 2 Jul2001

Muon Simulations for Super-Kamiokande, KamLAND and CHOOZ ;A.Tang, G.Horton-Smith, V.A.Kudryavtsev, A.Tonazzo
arXiv :hep-ph/064078v2 25 August 2006.

A three-dimensional code for muon propagation through the rock : MUSIC ; P. Antonioli, C. Ghetti, E.V. Korolkova, V.A.
Kudryavtsev, G. Sartorelli.

Taux de comptage d’un télescope cosmique composé de deux disques circulaires ; DJ. HERITCHI NIM47 (1967) 39-44.

arXiv :astro-ph/9910192v2 13 Oct 1999.

Micromegas in a bulk ; I. Giomataris, R. De Oliveira, S. Andriamonje, S. Aune, G. Charpak, P. Colas, G. Fanourakisc, E.
Ferrera, A. Giganon, Ph. Rebourgeard, P. Salin NIM A 560 (2006) 405—408.

Etude de la détection d’actinides par muons cosmiques E.Burtin, H. Safa DSM / DAPNIA / SPhN

High resolution imaging in the inhomogeneous crust with cosmic-ray muon radiography: The density structure below the volcanic
crater floor of Mt. Asama, Japan. Earth and Planetary Science Letters 263 (2007) 104-113

L.W. Avarez,et al. Sciences 167 (1970) 832
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Thanks for your attention!

(Questions and Answers
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surface sensors line
above the gallery

= perched groundwater
il LSBB gallery tables

A
= Fontaine-de-Vaucluse karst aquifer [
% saturated zone of the karst
.-f"'}-i-# -
Y i -
) 3000 m R
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IMEAGERIE DE LA DYNAMIQUE DES PROCESSUS PORO-ELASTIQUES

‘dansun milieu fracturé, partiellement saturé avec une porosité mésoscopique
Coll. ANR HPPPCO2 (in situ), ANR 2008 MAXWELL (EM), ANR 2009 LINES (Gravimétrie)

HPPP-CO02
S

et N Projets associés thématiguement ANR HPPPCO2,

| MAXWELL et LINES. Investigation in-situ en forage
de la réponse poro-élastique du milieu aux injections
fluide (échelle métrique) — Imagerie EM en galerie et
variation de la permittivité (pénétration 10-50m) —
Variation du champ de pesanteur suivant l'infiltration
météorologique (échelle 100-1000m)

Deep Aquifer

0 10 20 30 40m

10m =i

HPPP-C02
Experiments

20 30 40m

I 10 ’ I
I ]
-
- i
b
T /1 HPPP N
——" Probe
[

wbEe—— WP A

I Broad-Band seismometer + CSIRO stress cell + Pressure sensor + Tiltmeter

i
\




METROLOGICAL DEVELOPMENTS
The High Pulse Poroelasticity Protocole (HPPP)

Pl1Y. Guglielmi — Coll. GSRC, Géosciences Azur, LBL, Standford

ANR HPPPCO2 (http://hppp.unice.fr/)

Development of innovative protocol
for synchronous measurements of
fluid pressure, mechanical
displacement

HPPP
Probe

Pierre Salin Géosciences-Azur

Pulse Test:

Test duration: 0 - 20 secondes
Injected volume: 0 — 10 liters
Induced pressure: 0 — 20 MPa
Sampling frequency: 0.01 — 1 kHz
Accuracy : 10-7 m
Maximum depth operability: 1 km

l ow-temperature dpppndpn’r
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BROADBAND ELECTROMAGNETIC IMAGING

Methodology for imaging (broadband metrology, forward modelling & inversion)
Pl C. Pichot — Coll. LEAT, UBC, MIGP, Géosciences Azur, INRIA
ANR MAXWELL (http://leat.unice.fr/pages/anr-maxwell/anr-maxwell.html)

Ultra-wideband (0.1-2 GHz), bistatic, multipolarization,
wide offset, microwave data acquisition, microwave

= = - - = - = i)
imaging, and inversion for permittivity W
Yl El Bouajaji,
- Nachos/INRIA
(2008)
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]ﬂ CONCLUSION / DISCUSSION

An interdisciplinary association for the realization of a new measure
Geoscience in the knowledge of mechanical properties of subsurface

Muoscopy : Measurement of spatio-temporal density p(t)
Geology : Atomic description of the geology
RESULT : Tomography densitometry (simulation + inversion) (p)
Sismic : Velocimetric Mapping seismic waves (a., [3)
Tomography p : Mapping tomography densitometry of the medium (p)
RESULT : Mechanical solid state = E & v
Hydro-geology : Quantification of water flow
Gravimetry : Gravity Modeling spatio-temporal distribution of masses
Tomography p : Mapping tomography densitometry of the medium (p)
RESULT : Dynamic row hvdraulic - DYKARST—R2C2
oy " "Gravity Variatiol iiiiigiﬁ 30
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How damage affects mechanical propreties vs
depth and time

v
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[ Amitrano, 2005] 0 [Casson et al., 2003]
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]ﬁy weathering affects mechanical propreties vs depth and time

@ Effects on compressive strength
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Fig. 1. Integrated flux of cosmic-ray muons at various angles
penetrating through a given thickness of rock (m) with a density
of 2.5 g_.’cm3, as obtained with Egs. (1) and (2). The vertical axis
of Ref. [1] was corrected.
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154,

HARDROC 1 (2) (LAL)

* Analog and digital readout

DIRAC (IPNL)
* Digital readout

(100 £C to 10 pC)

* Low consumption - < 10 yW/channel

Pierre Salin Géosciences-Azur

1 chip (7 mm?2) - 64 channels
3 thresholds in 8 bit precision
Digital memory for 8 events

2 gains - 3 fC t0 200 fC

1 chip (16 mm?, 19 mm?) - 64 channels
2 (3) thresholds in 10 bit precision
Digital memory for 128 events

Gain - 10 fC 10 1 pC (5 pC to 10 pC)

* Low consumption - < 10 yW/channel
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ﬁﬁnsemble de développement et d’acquisition HARDROC
a droite en bas, 4 HARDROC au dos d’'une pMégasBulk

Pierre
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Connector

DIF board (LAPP): Powering

FPGA DIF / SLAB

* Independent board to have more
flexibility R

¥
lllll

* It provides the communication with
PCs and HARDROCs (DIRACs) | usB

through the infermediate board
(InterDIF) aomr |

* It allows ASICs configuration and
performs analog and digital readout

* Also compatible with SPTROC and
SKYROC
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