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Agenda

° Motivation — Understanding rock behaviour for deep geothermal wells (PHD)

°* Novel sensing methods - Calibrated acoustic emission and distributed fiber-optic
strain sensors.

° Experimental methodology.

* Results:

« High-resolution strain mapping

« Acoustic emission prior to failure

« X-ray computed tomography

« Assessing variations in slow to rapid deformation

* Conclusions
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Motivation: Geo-energy activities and induced seismicity

 Industrial activities related to geo-energy extraction have been valuable to the high energy demands from society

* Problem: An unpredictable byproduct of operation are induced earthquakes

* Induced seismicity poses risk to society and detract from the public acceptance in certain countries

al” geothermal
9 Nature)

Grigoli et al (2017) P17,
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Geoenergy research / new drilling technlogies

« AEGIS national project: Advanced GEothermal Systems to Improve the resilience of the energy supply of Switzerland

« Partners involved: ETH, PSI, SIKA, Swiss Geopower, Amberg Engineering, Basler & Hofmann

« Tasks at OST: Borehole stability and sediment transportation

Motivation

9000 m

lllustration from Swissgeopower

Hoch-
spannungs
Puls-Generator

Bohrkopf

Spilung
(Wasser)

Elektrode
Lichtbogen

Hartgestein

«ZEUS» Plasma-Pulse Geo-Drilling (PPGD)

lllustration from Swissgeopower

7. Juli 2022 E'HZU[’['Ch OOST



5

Motivation: Geo-energy activities and induced seismicity

High-density sensor arrays were deployed
Dynamic sensors (AE sensors, accelerometers)

S$1.3

Acoustic emissions (AE)
Villiger et al. (2019, SE)

Motivation

* Quasi-static sensors (Distributed strain sensing,
pore pressure sensors)

J13jsueJ] SSBNS PAINPU| JBAYS

different pressure signal types:
P1 - diffusion controlled with fluid fl
P2 - poro-elastic due to volumetric

Modified after Murphy et al. (2004)

low

Volumetric compression:
&b-> compression T2 = compression
—
FBGa IE
SECONDARY AFFECTED ZONE
near Diffusion
acture in Contact
Fracture aperture changes: @ acture Lift-off
Slope depends on type of <,
Lo 10 m pressure diffusion field.

JI3jsuel) SSa1)S J1ISe|S-010d

Hydro-mechanical response
Krietsch (2018, PhD)

ETHzurich
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Novel sensing methods

Quesmicasersinging:!
Reaction frame stress
Roteodo granite
dl (50 mm diameter) Pore fluids (inlet)
_/
; = . <= 3
Rubber jacket Passive AE
[—=2 ] (Continuous)
or —
Triaxial cell—\ = =
AE sensors ' —
array = - Active AE
= I :]¢ Confining (Multi-block)
) == & ['<m pressure
Strain gauge —= :f:
= =
= =
= Pore fluids (outlet)
Acfylate coating
‘ 0
] Polyimide coating

O

Pb?ts% Soo
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Concept

a) Back reflected light measured by the OBR (Frequency domain).

Rayleigh backscattering spectrum

b) By an Inverse Fourier fast transform (Step 1.), the signal is projected in
the time domain (distance using the refractive group index). .

Rayleigh backscattering

)
2
: 1. IFFT .
— & 4%?),
Frecuency E&J
d) For easier calculation a cross-correlation (Step 3.) is A
calculated between the two measurements analyzed. ——
Sensor length [m]
i-: _— }0*}1 3. CC *
Af — I+ 1 « Spectrum of single gage length 2 . FFT

7

Cross-correlation amplitude

0
) Frecuency Shift
Novel sensing methods

c) The user selects a "window" (gauge length),
to which a Fast Fourier Transform (Step 2.) is
applied to analyze the frequency content.

ETHzirich ()ost

Amplitude [dB]
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Intro on methodology: The DFO Measurements

2 "Gauges" — LDVTs 8 Gauges — 16 cables 300 Gauges -2 cables

8 | Experimental methodology 7. Juli 2022 mzur[Ch O OST
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Intro on methodology: The DFO Measurements
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Experimental methodology
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Intro on methodology: The information

- 0.75

0.50
0 ' 5 ' 10 ' 15 ' 20 0.25
Perimeter [cm]
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Intro on methodology: The Physics

Ty

11 | Experimental methodology
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Experimental methodology: Sensors

* Rotondo granite sample of 2" in diameter and 4" in length.
« Ten acoustic sensors were deployed
« Two types of optical fibers measured the circumferential and axial strain evolution.

Polyimide fiber
Acrylate fiber ®© ®© ®
AE sensor
r
Acrylate fiber | - 0} £
Polyimide fiber ; f
1
~
®© ®©
D mD : D D
4 4 4 4
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Results: Distributed strain measurements (aseismic)

1. Sample compressed axially and expanded in the circumferential direction

2. At a certain point the volume expands (dilation of the shear fracture)

3. Spatio-temporal plot shows the fracture develop on the periphery at the later stages of failure
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Results: Acoustic emissions prior to failure (seismic)

* Blests/esttfiadeel ¢edeshizohuceusiag tiesivay €anschrdrointhidn saenplejor pegtearsalysis
¢ kyBHAMAJAVAIIRKEL HlactQAOWEaSHERIARPIME EXpHRE STEHEINA EeBSEH tEHBII®RNed the fault plane geometry
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Results: Seismic and aseismic deformation

Visualize the relationship between the localized seismicity and the larger slow circumferential strain accumulation

15 I Results

Strain

AE density \

7. Juli 2022
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Results: Seismic and aseismic deformation

Top Middle Bottom

1. Circumferential strain is distributed relatively (=680 s w
homogeneously at each height.

2. Strain begins to deviate to an elliptical distribution
when the first AEs are recorded. t=866 5

3. Magnitude of strain increases preferentially along

major axis relative to the bottom.
t=874 5 uo

16 | Results 7. Juli 2022 E'HZUF/Ch OOST



Results: Seismic and aseismic deformation

Middle g, Bottom

4. The first cluster of seismicity (S1) was observed in the
middle of the sample

5. We observed a localization in the strain field (L1) that
correlated to the region subjected to the seismicity
cloud S1.

6. Seismicity cloud S2 propagated upwards

7. We observed a localization in the strain field (L2) in the
upper section.

8. The strain concentration rotated to 135°

17 | Results 7. Juli 2022



Results: Seismic and aseismic deformation

9. The strain concentration manifested itself in the top of
the sample

10. Seismicity cloud S3 propagated from the top through
the middle of the sample

11. Elliptical distribution in the bottom of the sample was
most prominent in the last strain measurements

12. This strain is oriented with the crack that was measured
in post-analysis using the XR-CT

AE density is related to increase in the strain
magnitude in both space and time

18 | Results
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Conclusions

Implemented dynamic and quasi-static measurements to study fracturing in granite

Fiber-optics show complex spatial distribution in strain near failure due to shear

fracture forming in the later stages. ZZZZ:J ; 2
Seismicity and XR-CT (post-test) showed that a fracture was produced z é
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Seismicity tracked the progression of slow deformation

20000 4

10000 -
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20 | conclusions 7. Juli 2022 mzurl(:h O OST



Thanks for your attention! Questions?
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Strain heterogeneity and seismicity
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» High strain region expand in the similar directions as
- - 31/03/2022
those of seismic events.




Numerical modelling outlook

continuum models

system arrives at

critical point

 Acontinuum-based fully coupled seismo-hydro-thermo-mechanical poro-visco-elasto-plastic numerical modelling

approach (Gerya, 2019)

Main megathrust Events
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