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EXCUTIVE SUMMARY

Purpose: The objective of the crystalline disposal work packagés aslvance our understanding of leng
term disposal of used fuel irystalline rocks and to develop necessary experimental and computational
capabilities to evaluate various disposal concepts in such nghaifically, the work packages aim to:

1
1

T
T

T

Assist the geologic disposal safety assessment (GDSA) team to detaigystemperformance
assessment modir spent fuel disposal in crystalline rocks.

Provide the GDSA with aecessarget of process models and model feeds to suppoibus

GDSA goas.

Developabasis for process modeling that enalsigeamlined integration with system modeling

Fully leverage international collaborations for data collection and model development and
validation.

Develop a key set of geologic parameters and criteria for future site screening and characterization.

FY23 work continued to focus on (1)etter charactering and understaridg coupled thermal
hydrologicatmechanicathemical (THMC) processes in fracture networks in crystalline racks (2)
Develop effective engineered barrier systems (EBS), especially mdterials, for waste isolation

FY23 Accomplishments:Major accomplishments in FY23 are summarized below:

T

Excavation disturbed zone (EDZ) characterizatidine twin-cell triaxial loading systenwas

modifiedfor bentonite sample characterization andtbrite-rock interactiorstudies Two sets of
experimentswere completedn bentonite stacked with granitic core with dight and rough
fractureembeddedinder room and elevated temperasufidne fracturepermeatity was found to
bereducedby 5 orders of magnitudéostexperimenimagng showeda significant intrusion of
bentonite particlginto the fracture due to clay swelling, causiragture clogging

Downhole baracterization of stress and fracture®irect downhole measurementsere
performed for flow, pressure, and displacement evolution during a water injection cycle ina COSC
1 borehole. The data analyses were performed using both inversion methods and fully coupled
hydromechanical forward numerical dels. The experimental results highlighted a complex
activation sequence of fractures. Adding borehole displacement measuremenssatalaad
hydraulic test allows for determining the three principal stresses orientations and magnitudes.

Understanding termathydrologicatmechanical couplings in a single fractu(ECOVALEX

2023 Task G)Using thenumerical manifold methomhodel and FLAC3D, numerical simulations
were conductetb analyze shearing of intersecting fractures and thermal slip of single fractures. It
was found that the intersections of fractures did not fundamentally change the shearing of two
intersecting fractures if the intersecting angles satisfy certain camlit® new simplified discrete
fracture network model was developed to simplify modeling of the slip of fracture networks by
using major path(s). In additionumerical simulations were performed for a hydrechanical

test, in whicha cylindrical uniformresin sample with a single vertical fracture was subjected to
triaxial external loading and fluid flowlhe results obtained allow for constraining a constitutive
relationship for modeling the effect of stress on fluid flow and transport in a fracturerketw

Understanding flowand transport in fracture networksFlow and transporsimulations were
performed foffracture networks with varying degrees of fracttodracture aperture heterogeneity

and network density talarify how changes in these propesgiould cause the emergence of
anomalous flow and transport behavior.tlfe fractureto-fracture aperture heterogeneity is
increased in sparse networks, velocity fluctuations inhibit high flow ratedhameforesolute
transport can be delayed. Surprggy, transport can be slowed even in cases where hydraulic
aperture is monotonically increased. As the density of the networks is increased, more connected
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pathways allow for particles to bypass these effects. These results reinforce the importance of
corsidering multiscale effects in fractured systems and can inform flow and transport prdoesses
crystalline rocks.

Understanding bentonite erosion, coagulation/flocculation, and clogging in a fractured crystalline
rock: Experiments were designed tovegigate bentonite erosion, coagulation, and clogging
behavior in a fractured crystalline rock under varying temperature, rock materials, rock fracture
aperture properties, and bentonite colloid propertegch of FY23 work was spent assembling
experimental apparatus, developing measurement techniques, and optimizing experimental
conditions.Preliminary tests on bentonite colloid flocculation, coagulation and clogging were
performed using a microfluidic cell. The results show a significant effect of sokthiemistry on
bentonite flocculation, coagulation and clogging in microchannels of the cell.

Understanding gas migration in lepermeability deformable medi@ECOVALEX Task B)
Experimental observations on gas injection into water saturated compactadtedrdave revealed

rich distinct dynamic behaviours of such procesk@sear stability analyseshowed that such
channelling ould autonomously emerge from the morphological instability of the interface
between the injected gas and the compacted bentdiite work further showed thahannel
patterns formed as such would possess a fractal geometry, thus providing a new pergpective f
upscaling the process from small scale laboratory observations to a field scale.

Understanding radionuclide interactions with engineered and natural matelaiseriments

were initiated orradionuclide interactianwith hydrothermally altered buffer aerials. Recent
research performed at LANL and SNL has provided key insights regarding the hydrothermal
alteration behavior of bentonite backfill andisposal environmenthe preliminaryexperimental
resultsindicate a possible impact of material hegiim radionuclide uptake by bentonite.

Development of new generation buffer materials for high temperature and high pH environments:
The stability of Mgrich saponitavas investigateth alkaline solutions saturated with portlandite

at 60C and 15€C. Theresults suggest that Mich saponite is stable in alkaline solutions at these
temperatures. Tus, saponiteean bea strong candidate for buffer materials under harsh conditions.
We further showed that saponiteutd also be an excellent adsorbent fotiargic radionuclides,
especially trivalent actinides.

Application of machine learning in the prediction of thermodynamic propertiesmplex fluids
BrgnstedGuggenheinScatchardspecific interaction theory (SIT) is a model for calculating
activity coefficients of aqueous species in moderate to high ionic strength sol&tit?% work
attempted to use deep learning neutral networks to correlate the SIT coefficient of a spetties pai

a basic set of known or easily estimated properties of individual species. It is shown that such
correlations did exist and could be extracted using both unsupervised and supervised machine
learning. Such correlations were able to provide a reasopaaetion of the SIT coefficients for
various species pairs under certain chemical conditions. This work opens a new avenue for
modeling thermodynamic properties of complex fluids relevant to nuclear waste disposal.

Next Stagesof This Work: In thenextfive years, the disposal research will continue to focus on process
model development and model implementation in a GDSA framework for different generic reference cases.
At the end of the five years, it is anticipated that a GDSA model developed wilircansfficiently

detailed representation of relevant process models and thus can be used for sensitivity analyses and
programmatic prioritizationlnternational collaborations have been, and will continue to be, a significant
aspect of the crystalline gearch area over the next five years. These activities include continued
participation in DECOVALEX as well as other international geologic disposal research programs.
Collating and analyzing data from internationalderground research labdl be a catinued activity in

the crystalline area over the next five years.
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1.0 GOAL AND OUTLINE

The U.S. Department of Energy Office of Spent Fuel Waste Disposition (SFWD) established the Spent Fuel
Waste Science & Technology (SFWST) Program (formerly the Used Fuel Disposition Campaign) program
in fiscal year 2010 (FY10o conduct the resezh and development (R&D) activities related to storage,
transportation and disposal of used nuclear fuel andlbigh nuclear wastis the U.S Themission of the
SFWST is:

To identify alternatives and conduct scientific research and technology deegibpmenable
storage, transportation and disposal of used nuclear fuel and wastes generated by existing and
future nuclear fuel cycles

Disposal R&Dwork packageslirectly support the following SFWST objectives:

1 Develop a fundamental understanding of dig system performance in a range of environments
for potential wastes that could arise from future nuclear fuel cycle alternatives through theory,
simulation, testing, and experimentation.

1 Develop a computational modeling capability for the performahstocage and disposal options
for a range of fuel cycle alternatives, evolving from generic models to more robust models of
performance assessment.

Crystallinerocks have been considered as a potential hwsdiumfor deep geologic disposal aficlear

waste by several countries (e.g., Korea, Japan, China), and are being studieeratusderground
research laboratories. For example, granite sdeke been investigated at the Fennoscandian Shield,
Sweden(Martin andChristiansson, 2009), at the Grimsel Test Site, Switzerland (Hadermann and Heer,
1996), and in the Beishan area, China (Cao et al., 281Liéh rocks havadvantageous featurés waste
isolation includng their high mechanical stability, low permeabilitjwithout fractures), high thermal
conductivity, and widespread geologic occurrence.

Crystalline disposalork packageareaimedto advance our understanding of letegm disposal of used
fuel in crystalline rocks and to develop necessary experimentalcemplutational capabilities to evaluate
various disposal concepts in such media. fHsearch topicef interest arédentified intheresearch plan
(Wang et al.2014)andthe SFWST Campaign R&D Roadmap (Sevougian et al., 20E¥P3 work was
focused on

1 Assist the geologic disposal safety assessment (GDSA) team to develop a robust repository
performance assessment model.

M Provide the GDSA with a basic fiminimal o set
GDSA neasterm goal.

1 Developabasis for process modeling that enables streamlined integration with system modeling
resulting in feeds to GDSA.

1 Consolidate modgdarameter data, especially thermodynamic data, to ensure more consistent usage
of the data across the project.

1 Consideringthe existence of different approaches taken by various reseancheesstand how
well the models are developed in terms of pedigree and rigor.

1 Fully leverage international collaborations for data collection and model development and
validation.

1 Closely collaborate with other work packages, especially those on disposagillite and
engineered barrier system design.

of
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The FY23 work continue to focus on: (1) better characterization and understanding of fractured media and
fluid flow and transport in such media, and (2) designing effective engineered barrier system®(EBS)
waste isolation.

The FY23 work for the Crystalline Disposal R&ork packagesoversthe followingresearch topics

1
T

Understand and quantify radionuclide interactions with corrosion products, espeoighstand

the whole process from surface adsiompto irreversible structural incorporation.

Understand and quantify bentonite erosisuspensiorandcloggingand their impaaton fracture
permeability andadionuclide transport.

Understand fluid flows in lowermeability media e.g., gas migratio in watersaturated
compacted bentonite materials.

Continue development of negeneration buffer materials/waste package materials; understand
thermal limits of buffer materials

Continue development of the discrete fracture network (DFN) medpecidly account for the
effect of regional stress and thermal stress on fracture aperture and permeabitigyelogthe
correspondingeduced order model for GDSA.g., using machine learning.

Continue development and demonstration of a workflow for field data synthesis and flow modeling
in fractured media.

Develop geophysical and we#sting techniquesnd laboratory rock testing capabilitiéer
characterizing fractures and inflows; redube uncertainties of key flow parameters in the
excavation disturbed zone (EDZ).

Continue process model demonstration and validation using the data collected through international
collaboration.

This report summarizes work accomplished ir2B¥6r the Crstalline Disposal R&Dwork packagesThe
report is outlined as follows, covering topics from engineered barrier material perfortméareiéeld flow
and transport:

)l
)l

T

Chapter 1 reiterates the overall goal of the crystalline DR work packages (SNL).

Chapter 2documentsthe developmenand testing of a triaxial roeknechanical system for
laboratory EDZ characterizatighBNL).

Chaptes 3 documentshe work on transmissive fracture characterization using-aitlmorehole
testing techniquand numerical modiag (LBNL).

Chapter 4 presenta method forgeometric characterizatioof a single transmissive fracture
(LBNL).

Chapter5 documentghe work on understandirgf thermathydrologicatmechanical couplings in

a single fracture (DECOVALEX 2023 Task GBNL, SNL).

Chapter 6 documents the wark understanding of the effects of fracture geometry on fluid flow,
transportand chemical reactions in fracture networks (LBNL, LANL).

Chapter 7focuses on bentonite erosion, coagulation/flocculation, and idggg a fractured
crystalline rock (LANL).

Chapter &ocuments the work on gas migration in wesaturated compacted bentonite (SNL).
Chapter 9locumentshe study of radionuclide interaction with thermally altered bentonite and iron
oxides(LLNL).

Chapter 10 proposes saponite as a new buffer material for high temperature and high pH repository
environments (SNL).

Chapterl1documents the work on tlag@plication of machine learning in the prediction of solution
thermodynamic propertigs LNL).

Chapterl2 provides an overall summary of BY accomplishment for Crystalline Disposal R&D
work packages (SNL).

Chapter 13 provides the list of references.
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1 Appendk A provides an evaluation of the current status of tasks identified in SFWST R&D
roadmapSNL).

The results documented in this report represents the major portion of the work conduct2d fiarFive
Crystalline Disposal R&Dwork packagesut not all the work. The work not reported includes the
development of a new generation of buffer mate@ad the effect of microbial reactions on bentonite
stability. The related work will be reported éatas it becomeasvailablefor public release.
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2.0 LABORATORY CORE EXPERIMENT SFOR
CHARACTERIZATION OF EXCAVATION DISTURBED ZONE

2.1 Introduction

Geologic disposabf high-level radioactive waste (HLYelies on both a natural barrier formed by rock
formations and aengineered barrier systeBES) in isolating the waste from biosphere. In most repository
designs, emplacement tunnels will be backfilled with bentonite material, serving as an engineered barrier,
to providemechanical buffering for the waste canisters, additional retention capacitieamalistability
(Meunier et al., 1998; Bourg et al., 2003; Sellin and Leupin, R@f&er waste emplacement, both natural

rock barrier in thexcavated disturbed zone§Z) (including fractures, cracks) and the bentonite backfill

will be heated due tdné radionuclide decay, triggering complex coudietMC processes at the bentonite

rock interface. When hydrated, bentonite can expand several times its original volume, leading to the
formation of a dense, impermeable barrier. The swelling characteaktiasbentonite to fill and seal rock
fractures, reducing the potential for fluid migrati@ign et al., 2019 Bentonite can also undergo chemical
interactions with the minerals present in the rock fractuesoéa et al., 2003For example, exchangdab
cations in the bentonite, such as sodium or calcium ions, can be exchatigeations in the rock, leading

to alteration of the mineralogy and potentially forming new minerals under repository conditions. These
chemical interactions may further enharbe sealing properties of the bentomdek fracture system.
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Figure 2-1. Conceptual model of potential lostgrm coupled THMC processes at EBBZ
interface (left, revised frorBirkholzer et al., 200)fand schematics of the laboratory test on
bentorite-rock interactions (right).
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While radionuclide retardation behavior of each element of the EBS and natural host rock has been
characterized and predicted, the coupled THMC processes and predication-tefrhormerformance of

each element are greatly complicated by the bentomdie interactions at their interface. A better
understanding on the bentoniteck interactions and THMC processes (including fine particle migrations)

at the interface requires systematic laboratory investigations using stacked bentonite and raoiksimader
stress, hydrological, thermal and chemical conditions.

In FY22, we applied the dedicated triaxial loading system for characterizing bentonite permeability and
swelling pressure. We also conducted experiment to investigate the berdokiteacture intractions and

sealing of micrescale rock fracture by hydrated bentonite (Figusg).2In FY23, we continued the
experiment under elevated temperature and showed the considerable thermal impact on the stacked
bentoniterock fracture system and a bentors&aling capability. We also fabricated a new sample holder

so that fracture geometry and aperture can beawelirolled and applied in the loading system. We then
conducted a new set of experiments on bentonite stacked with a largeateilat fracturéo investigate

the water infiltration rate and thermal impacts. This chapter describes the lab system modification, materials
used, experimental method and procedures, and results obtained so far.

2.2 Bentonite Characterizations

2.2.1 Permeability Evolution

The experiment was conducted using a stairdesse el t ube (1.500606 (3.81 cm)
di ameter, and 1.566 (3.81 c¢cm) 0 &80, evhich & iusednat the r ) . T
HotBENT field site, was compacted at an averagedanysity of 1.45 g/cm3 and a gravimetric water content

of 5.3%, similar to the field conditions (see the top right image in Fig2je s shown in Figure-2, the

compacted bentonite is composed by large (cm size) grains and powder, representing roggmiestes

geometry before the test. The top and the bottom of the tube are capped-withthidk porous ceramic

disc with an Gring seal on the side (the middle right image in Figu).2r'he porosity and permeability

of the ceramic discs (SoilmoistyI€@A) are 0.45nD and 8.8 mD, respectively. The average pore size is 2.5

pm, which is smaller than the minimum bentonite particle size measured from sieving of different mesh
sizes

According to the fielekite groundwater compositions, synthetic brinedfeleal conductivity of the brine

=1.33 x 182 S/m, pH = 6.5) was prepared for these flow experiments (TableThe compacted bentonite

and the two ceramic discs were stacked in a Viton rubber sleeve and emplaced in the loading cell. Then,
we applied aonstant 725 psi confining stress and an initial 540 psi axial stress to the sample. We then
injected brine from the bottom and maintained a constant water pressure at 290 psi. This pressure was used
to investigate the bentonite hydration, swelling anmigal bentonite particle migration at the bentonite

rock interface in the presence of higrmeability fracture, which is similar to the value applied at the
HotBENT field and laboratory tests. We closely monitothd Linear Variable Differential Trarfisrmer

(LVDT) reading and controlled its variations by adjusting the axial stress, so that a minimum deformation

of the stacked system (0.01% strain) was achieved.
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Figure 2-2. Schematic of the laboratory experiment used for characterization on bentonite
permeability and swelling pressure (left). Photograph of the compacted bentonite before test (top
right), the sample holder and ceramic disc seal (middle right), and the compacted bentonite after
hydration test (bottom right).

Table 2-1. Chemical composibn of the artificial groundwater used in the tests

Cations (mg/L)
Na+ 0.846 mM 19.458
Ca+2 0.190 mM 7.61
Sr+2 2.63 uM 0.23
K+ 6.11 puM 0.239
Mg+2 122 uM 0.03
Mn+2 0.08 uM 0.005
Anions (mg/L)
F- 0.268 mM 5.091
Cl- 0.385 mM 13.648
S04-2 0.067 mM 6.437
HCO3- 0.453 mM 27.64

Thebentonite permeability was determined based on the applied differential pressure, water injection rate,
and permeability of the ceramic discs. We sequentially quantified the bentonite persnealalit 25 ¢ C

an
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el evated t e mp e r-ashows the viaterandltratioR ratg usr tieme during water injection at
constant 290 psi under the two tested temperatures. As shown in FHg(ak the water infiltration rate
decreased with time from 4&%0-4 mL/min to 2.0x1&4 mL/min after 4 days. After 8 days, brine was
collected from the outlet after hydrating the bentonite. Meanwhile the infiltration rate remained being
relatively constant at 1.7x3 mL/min. At this point, we stopped water injectioeleased water pressure

and axial stress to O psi and monitored the load cell readings for bentonite swelling pressure after hydration.
The load cell was calibrated using the weight of a metal block used with the loading frame, and the bentonite
swellingpressure was calculated as 2.6 MPa from the calibrated load cell reading and the sample surface

area.
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Figure 2-3. Water infiltration rate measured during bentonite permeability tests for water
injection at 290 psi under 25°C and 90°C.

After the swelling pressure was measured &C2%ve reinjected water at 290 psi, increased the axial
pressureto 540 psiandheal t he bentonite sample up to 90eC by
vessel. Figure-3(b) presents a graph of the water infiltration rate und®z,90hich was stable at 4x3D

mL/min after injection for 14 days. The infiltration rate, shown in FEgg3, was used to calculate
bentonite permeability changes vs. time &£28nd 96C. Assumi ng Darcyds | aw and
multi-layer system (Figure-2), the equivalent permeability of the mu#yer system vs. permeability of

each layer cabe computed by Eq. {2). With the kquvaentmeasured from the water infiltration rate and

applied differential pressure, the bentonite permeability was calculated and presented in-bigline 2
calculated bentonite permeability after hydration was 28 at 25°C and 23.6 nD at 90°C, respectively.

The bentonite swelling pressure, following the previous steps, was 3.26 MPa under 90°C, higher than the
swelling pressure measured at 25°C. This higher bentonite swelling pressure is caused the obsewed reduc
permeability under the elevated temperature. The bottom right image in Figusdf# photograph of the

bentonite after the heating and hydration tests, showing more homogenous structure than on the top right
image taken before the experiments. Th@mogenization of the sample was caused probably by
equalization of the integparticle distance by clay swelling, and also the collapse of large pore space by both
swelling and mechanical compaction by the applied stress.
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Figure 2-4. Schematics of water flow through a mdétyer system including the compacted
bentonite and ceramic disc, and the equation used to calculate the equivalent permeability.
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Figure 2-5. Bentonite permeability estimated by Eg:1(Runder 25°C and 90°C.
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2.2.2 Effluent Water Chemistry

Figure2-6 presents the concentration of major chemical elements and variations with time in the effluent
water measured from the bentonite permeability te
Si and K are higher than those in the injegtivater, which can be attributed to the leaching from bentonite
after hydration. Temperature changes did not impact the concentrations of Na and Mg, while spike of Si
and K concentrations can be observed uredier 90¢eC.
compositions of bentonite will be conducted to better understand the observed changes in effluent water
chemistry.
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Figure 2-6. Effluent water chemistry as a function of time during the bentonite permeability and sw
pressure test. The red dash lines delineate the changes in temperature when water samples were
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2.3 Fracture Characterization

Using a Grimsel rock core sampleewduced a tensile fracture along the long axiBtagzilian splitting
Figure2-7(a) is thephotograph of the fractudaock sampleWe applied a shear offset along the fracture
by 2 mm to create an open fractufidhe resulting, extruding ends at the top and bottom surfaces were
removed by grinding=igure2-7(b) istheX-ray CTimageshowing the fracture antlerock matrix Figures

2-7 (c) and (d) are the microscope images showing the suytm@etryof eachhdf of the sampleNote

the rougimess (offracture surfaceariation) is up to 5.7 mm. We then saturated the fractured sample with
brine andneasuredts permeability mdera 725 psi confining stress. Aanless steel hoséatnpwas used
outside of the rufber sleeve tsecurehe rock samplé avoidanydisplacement alontine fracture during

the preparatioandthe experimentFigure2-8 shows the correlatiobetweerinjected water flow ratand
thedifferential pressure along the sample. The water perititgallascalculatedo be156 mD.Assuming

the cubic law,Q @] p ¢ the fracture hydraulic aperturé) can be estimateffom the measured
permeability('Q) to be1.3um.
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Figure 2-7. (a) Photograph of the fractured sample from Brazsiglitting test (b) CT image of the
rock sample and fracturéc) and (d) are microscope images on the fracture surface geometry
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Figure 2-8. The relationship of water flow rate vs. differential pressure applied to the fractured
sample. The linear eation, shown on the figure, was used to calculate fracture permeability.

2.4 Bentonite-Fracture Interactions
2.4.1 Permeability Evolutions at 25°C

After detailed characterization of the bentonite and the fractured rock samples, we stacked both in a Viton
rubber sleeve, as shown by Fig@8. The Xray CT imaggFigure 2-9a) presenthow the top ceramic
disc,thestainless steel holdand thecompacted b&onite,andthe fractured rock sampieereassembled

A hose clampvas useautsideof the rubber sleeve to stabilize the test column. During the experiment, we
appliedan initial axial stress of 540 p$B.7 MPa) a confining stress df25 psi (5 MPa) tahe stacked
bentoniterock column, and injected brine from the bottom at 290 psi (2 MPa). During the experiment, the
axial stress was adjusted to minimizeerall deformation of the system. The blue plot in Figur@(&2)

shows a graph of the water infdtion ratevs. time during wateinjection, in which the infiltration rate
ranged from 7.18 to 8.84 »0° mL/min for 19 daysAfter 10 days of water injection, water breakthrough
was observed at the outlegsulting ina relatively stable infiltration rate afterward. The equivalent
permeability of the stacked system was calculated from the applied difiéresater pressure and
infiltration rate, as shown by the gresguares and a line Figure 29(b). UsingEq. (21) and permeability

of the ceramic disc and bentonite, the fractured rock permeabilitgetasminedand presented in Figure
2-9(c). The average permeability ofettstacked column and the fractured rock sample are 85 nD and 0.45
MDD, respectively.

The calculateghermeability of the fractured rock samyatethis experimen{0.45 pD)is over 5 orders of
magnitude lower than thereviouslycalculated permeabilitgf the fractured sample without an adjacent
bentonite layef156 mD), indicating considerable bentonite particle migration into the open fracture and
clogging of the flow pathway. e measured fracture rogermeabilityis similar to the rock matrix
permeability As shown in Figure -B(c), under the same confining stress (725 psi)nieasuredock
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matrix permeability was 0.31 uD. The fractured rock permeability is close to the matrix permeability,
indicating the sealing of fracture after bentonite hydration and swelling.
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Figure 2-9. (a) TheCT image showing the stacked bentonitek settings and applied stress
conditions during the water flow through tg&t) Water infiltration rate vs. time measured during
water injection at 290 psi, and permeability variations of the stacked sys)erfhe permeability of
the fractured sampleaatculated from Eq. (1) and comparison with intact core permeability
measured under the same stress conditions.

2.4.2 Permeability Evolution at 90°C

After the experiment ostacked bentonite with the rough rock fracture, we increased the system temperature
up to 90C without dismantling or rebuilding the sampdéad investigated the thermal impact on the
permeability evolution. We maintained the sample water injection presk288€ psi, the same confining

and axial stress. Figurel®(a) shows the water infiltration rate as a function of time un®e, 8dd Figure
2-10(b) compares the column permeability undéiC9@s. 28C. Once heated, the water infiltration rate
spiked upto 4.3x10* mL/min and then gradually decreased and stabilized at 3:0mflOmin. The
corresponding column permeability decreased from 140 nD to 100 nD.

Itis noted in Figure 20b)t hat t he col umn permeability lueeohsured
~85 nD measured under®5 The bentonite permeability measured with confined boundaries in Section

2.2, i.e., without rock fracture indicate small impact from the elevated temperature. After heating, bentonite
sealing performance of bentonite i tstacked system involving a rock fracture seems to be compromised
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After the experiment, we recovered tloek samples, and Figurel(a) is photograph of the fracture and

rock surface in contact with bentonite, showing clearly that fracture surface was completely clogged by
bentonite. We then injected water from 0.015 to 0.1 mL/min to the clogged rock sampletheaxial

stress of 540 pgiB.7 MPa) confining stress of25 psi (5 MPa)and room temperature. Figurel2(b)

presents the injection flow rate and a corresponding differential pressure between the inlet and outlet of the
sample. Initially the cloged fracture held up to 35 psi differential pressure, which then dropped to zero
quickly. The fracture then appeared to reseal, with the differential pressure building up to 25 psi again after
~0.5 hours as water injection continued, followed by anothikqressure release. After 7 cycles the
differential pressure was close to zero (limited by the pressure gauge resolution at low pressures) indicating
a cleared flow path for water was created. Figufel(2) shows photograph of the rock sample after the
water breakthrough test and depicts the clean open fracture zone (marked by the red box) and removal of
bentonite particles

Figure 2-12. Microscope image of the fracture surfa@® before and (b) after the water flow
through test in stacked bentoniteck fracture column. In (b), the blue arrow indicates the water
flow direction under 290 psi and orange arrows indicate the bentonite swelling direction.

Figure 212 compares the microscope imagesh&2D rock surface along the long axis (a) before and (b)

after the stacked column test. In FiguréZb), the blue arrow indicates the water flow direction under 290

psi and orange arrows indicate the beiteoswelling direction. The swelling of bentonite can surpass the
water pressure and invaded fracture up to 1.2 cm. Some particles can be seen almost half deep into the
fracture however, these scattered particles may not contribute much to the fracteapidity reduction.

The majority of permeability reduction could be attributed to the clogging at the fracture entrance and ~1
mm deep into the fracture
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2.4.3 Effluent Water Chemistry in Stacked BentoniteRock System

Figure 213 depicts the temporal trendsroajor chemical elements in the effluent water measured from
the stacked bentonit®ck tests under 268 and 90C. Overall, the concentrations of Na, Mg, Si and K
decreased with time, which was not likely impacted by the temperature change
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Figure 2-13. The concentration of major elements in the effluent water as a function of time and
temperature.

2.5 Bentonite-Flat Fracture Tests

We have shown in Section 2.4 the clogging of tight and rough fracture and permeability reduction by
bentonite swdihg and particle migration. We also showed an increase of permeability of the stacked
bentoniterock fracture under elevated temperature, indicating potential compromised performance of
bentonite buffer in the presence of a fracture. In this sectionysieef investigate the bentonifiacture
interactions and potential impacts of fracture on bentonite performance by including a wide and flat fracture
in the stacked system.

We first fabricated two chip samples from the rock block from Grimsel grasitgh@wn in Figure-24.
The two rock chips have very flat surface and are 5 cm long, 2.5 cm wide and 0.5 cm thick. A custom
sample holder was designed and manufactured for the experiment.
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Figure 2-14.Photographs of the rock chip samples used for sthbkentonitdlat fracture tests.

2.5.1 Fracture Sample Holder and a Testing System

Figure 215 shows a new sample holder and its emplacement in the triaxial loading system. The sample
holder is composed of a stainlesteel cylinder (3.81 cm diameter and 5 cm long) with an internal cuboid
slot, so that the two rock discs can be insegfg@édwn on image #3 in Figurel®). There aréwo 1/16 inch
hemicircle grooves fabricated so that two rubber sleeves can be inserted, establishing a gap of 1.5 mm
between the two rock discs. Two stainless steel plates were inserted betwssamhe holder wall and

the rock discs so that rock discs were pushed against the rubber sleeves. On top and below the holder, two
slit discs (images #2 and #4 in Figurd®) were assembled with the holder using two bolt threads, leaving

a 3 mm wide slota allow for bentonite intrusion and water flow. Before the experiment, the slot in the top
disc was filled with granulated bentonite and powder, then the fracture sample holder was stacked with
compacted bentonite on top (image #1 in Figuli® The bertdnite was compacted with the same initial

dry density (1.45 g/cm3) and initial water content (5%) in Sections 2.2 and 2.4.

During the experiment, a 1,0(63i axial stress was applied to compress bentonite against the fracture.
Additional 500 psi confiningstress was applied to the system, allowing for water flow through both the
fracture and compacted bentonite (see the schematic images of the loading system inlEgukesthall

water inject rate was used initially to hydrate the bentonite. Once tb&upeavas built up, water injection
pressure was maintained constantly at 290 psi. The water infiltratioh vVdR&, and loading cell readings
were monitored.
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Figure 2-15. Photograph of the new sample holder and schematic of the settings for stewctadte
flat fracture tests

2.5.2 Infiltration Rate Evolution at 25°C

Figure2-16 depicts the water infiltration rate after water breakthrough of the effluent as a function of time
under 28C. Resultgrom two tests are presented, including bentonite sthwkth the wide and flat fracture

(this test, blue triangles) and bentonite stacked with the tigBtum aperture) and a rough fracture,
described in Section 2.4 (red squares). The water infiltration rate varied from 1 to-4.4xdfin in the

flat fracture test, higher than the tests stacked with a tight and rough fracture at5~®k1@in. The blue
dashine indicates the predicated water flux based on bentonite and ceramic permeabilitieis Gection

2.2), which is close to the measured water infiltration rate from bentonite stacked with a tight and rough
fracture. In this case, the compact bentpierforms favorably to seal the fracture while maintaining the
geometry integrity and buffer performance. By comparison, the increased water infiltration rate in bentonite
stacked with the 1.5 mm wide and flat fracture indicates pronouncedly the congatob@atonite
performance. The big fracture provided some extr a
bentonite into a large fracture, which deteriodatee integrity of a bentonite buffer because of loss of
materials and swelling capéibj.

The two experiments clearly showed the limitation of a bentonite buffer in sealing fracture after hydration,
which may be critically important for the evaluation of the EBS performance in nuclear waste repositories.
While sealing of small fractur€e.g., microscale cracks) by bentonite swellinggplaudable, the presence

of large fractures (mrscale fracture) at the EDEZBS interface could be a threat to the buffer performance,
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which need to be well assessed, managed, and plugged. The curréntmagihelp optimization of the
engineering design of bentonite properties, installation techniques, and a repository design to maximize its
sealing efficiency
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Figure 2-16. Water infiltration rate vs. time obtained from experiments on bentonitecstazikh
tight and rough fracture (red square) and bentonite stacked with wide and flat fracture.

2.6 Conclusiors

In FY23, we modified the dedicatedwin-cell triaxial loading system so that it could be used(fdr
bentonite sample characterization, includitegermination of permeability and a swelling pressure, and (2)
investigations of the oniterock interaction and a fracture permeability evolution. Two sets of
experiments on bentonite stacked with tight and rough fracture were completed under @odi®nand
elevated temperatur&€he water infiltration rate&vasmonitored for permeability evolution. Under ambient
temperaturethe fracture permeabilitywas reducedover 5 orders of magnitude. Images of the fracture
surface showed that hydration causedsiderable bentonite particle migratiamd fracture clogging due

to swelling. It was shown that calculated permeability of stacked bentfmaitture systemwasclose to
measured bentonite permeability, indicating that bentooitddenaintain good sealing characteristics in
the presence of tightL(3 um aperture) and rough fracture. After heating of the system %G, 3065%
increase in stacked column permedpiivas observed, indicating that the bentonite sealing capability was
compromised.

We also fabricated a new rock sample holder, which can be applied to the loading system for testing
bentonitefracture interactions with wetiontrolled surface geometry duaperture. We used a flat 1.5 mm
aperture fracture, stacked with the bentonite, and investigated the water infiltration rate under ambient
temperature. Comparison to the bentonite stacked with a tight and rough fracture showed that water
infiltration ratein bentonite stacked to a 1.5 mm fracture i62@ higher. The presence of a large fracture
provided extra space for bentonite swelling and deteribthteintegrity of bentonite buffer geometry and

its sealing capability.
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New experiments aren-going under 98C to further investigate the temperature impact on the water
infiltration rate in bentonite stacked with a large fracture and its buffering capability. After the experiment,
the fracture and bentonite sample will be recovered, fractunegadility will be measured independently,

and additional postxperiment measurements will be carried out to assess the fracture surface geometry
and a bentonite patrticle distribution. We also plan to investigate the impact of injected water chemistry on
bentonite swelling, bentonite particle migration and clogging, and water infiltration rates in the stacked
system
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3.0 DOWNHOLE CHARACTERIZATION OF STRESS AND
FRACTURES IN CRYSTALLINE ROCKS

3.1 Introduction

Crystallinerock is one of several potential geologitvironments that have been considered for-teng

disposal of nuclear waste due to their inherent low permeability. One key challenge in evaluating the safety
case for crystalline rock is that fractures present within these rocks may serve as tramgatisgiays for
radionuclide transport. The 2019 updatethe SFWST research and development (R&D@pdmap
(Servougian et al., 20)9dentified that improved site characterization techniques are needed for
investgations of crystalline repository systems, especially to characterize fractures and their hydrogeologic
properties. Such data are needed to develop acddFdemodels, which have also been used to model
fluid flow for enhanced geothermal systems and eteldhe potential for leakage from geologicCO
sequestration sites.

In FY20, we have conducted three SIMFIP tests in 2.4 m long sealed setd86s2, 505.9 and 51b6m

depths in the COSQ borehole that was drilled through foliated and fractured matahic rocks othe

COSC Focus was to investigaie-situ the role of discontinuities on the hydromechanical performance of

a crystalline rock at a depth analogue to a repository host rock by conducting direct and coupled
measurements of borehole pressunjection flowrates and fractures thidienensional displacements. In
FY21,we conducted the COSTCexperiments to characterize tinesitu stress tensor. The local state of

stress and fracture permeability variation were directly estimated in redpomszhanical opening and

shear monitored in the field. We developed a method to calculate the stress heterogeneity in a fracture
network by using a profile oSIMFIP hydromechanical tests. Indeed, the orientation of the vectors
measured by a SIMFIP sengore f | ect s wel | the true orientation of
can be used to estimate the orientation and magnitude of the stress tensor. We showed that profiling SIMFIP
tests along a borehole allows for estimating the stress heterogalogity a borehole. Further analysis
suggested that significant stress variations relate to the contrasted borehole geology, i.e., intact rock,
crosscut by one single fracture or by a fracture zone. In details, our modeling results suggest that there may
bea link between (i) stress concentrations and the size of the minimum block volume in a fractured zone,
and (ii) stress dissipation and fracture stiffness.

In FY21 and FY22, we continued exploring how to input these obsénvsitl fracture responses into
generic fracture network models of the host rock close and away from the repository tunnels. We first
developed a new approachinesitu estimate fractured rock elastic properties from SIMFIP measurements,

as well as the link between these elastic pitigeeand the development of stress heterogeneity within a
fractured hard rock. We compared these observations with published data from the Forsmark site, which is
located within the same type of fractured crystalline rock. We showed how fractures vedmihelastic
stiffness but with a different orientation experience a highly contrasted response to an elastic loading. This
generates stress and strain gradients at intersections between fractures that may favor flow paths
developments. Comparison with ethfield data also allowed for evaluating the uncertainties associated
with the SIMFIP borehole estimations. One result is that the SIMFIP approach may offer a reasenable
situ estimate of fractured hard rock elastic properties at the multimeter scelthef key result is that

elastic dilatant shear allows for flow in initially closed fractures below the breakdown pressure. Second, we
explored the potential links between stress heterogeneity and flow channeling in generic fracture networks
close and awafrom a nuclear disposal drift in crystalline rock. We used the fracture network geology from
the COSCIL borehole as well as the local stress and fractures properties estimations from the SIMFIP tests
to propagate the stress variations to the fracturevarkt scale. We considered a fully saturated
hydromechanical undrained model with and without a horizontal tunnel excavated at a depth of 500 m. We
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explored the link between stress heterogeneity and flow at the fracture network scale. We analyzed how
naturd stress perturbations superimpose to the stredisndbution around the drift configuration. We
highlighted the development of low stress zones generated by strain/displacement gradients developing on
interacting fractures. We showed how informatiorfrantures displacement versus pressure analyzed from
thein-situ SIMFIP tests may help suggesting scenarios for the development of potential leakage flow paths
extending several tunnelsd diameters awayni tWeaeocal
stress variations of a few megascals. We suggested that, given their relatively low magnitude, these
stress and strain gradients developing on fractures may not only occur following a gallery excavation phase,
but be active during the lifetimd cepository site. Indeed, thermal heating of the gallery walls or remote
impacts related to climate changes may, for example, be sufficient to vary these gradients, and, thus, drive
the potentially longerm evolution of leakage flow paths. We suggested such effects may produce
significant thermeporo-elastic response of fractures and eventual fractures creep.

In FY23, we first conducted research on evaluating how boreholedhmemsional displacements help

better constrain the local full stressden(i.e., the three principal stresses orientations and magnitudes) in

a borehole. We show that displacements measurements give information on rock behavior that, in other
techniques, is unknown and requires the application of simplifying assumptiortd) arfei often not
satisfied. The full stress tensor can be characterized by one SIMFIP test, which is not the case of the usual
hydrofracturing (HF) methods, which rely on combinations of datasets obtained at multiple depths.
Therefore, we conducted a searief tests along one borehole designed to estimate the local stress
heterogeneity. Based on the CO$Qests, we estimated a-i®20° and a Z2o-14 MPa variations in
principal stresses orientations and magnitudes.

Secondly, we have worked on relating thaiability between tests to fracture heterogeneity while the
classical methods rely on assumptions of homogeneity and linear increas@nedithstress with depth,
conditions unlikely to be met in fractured crystalline rocks. This work required soldiéonal fully

coupled hydromechanical modeling to conduct a solid sensitivity study to model parameters previously
used in FY21 and FY22. In detail, we made borehole nearfield models to analyze the borehole
displacements versus pressure and estimate stastic properties of the intact rock and of the fractures.
Then, we made larger models to analyze the transient evolution of fractures pore pressure and displacements
during the entire testing sequence. We suggest a conceptual-sgrapialal evolutiorof crystalline rock
hydromechanical properties evolution during the growth of a raacture from the borehole near field

to deeper in the host rock.

Finally, we present some preliminary results of creep triggered on a secondary fault affectingpa gabbr
formation at 68 m depth in a new experimental borehole deployed in the San Andreas fault area (San Juan
Bautista, CA). The interesting point is that creep was triggered by earthquakes distant from the instrumented
fault. These new data are relevant tdrads the concern that seismic events on faults close or even distant

to a repository site may induce secondary fracture shear movements across canister positions. Moreover,
these new data bring insights on weak loadings that could impact stress angtatfigints developing on
fractures during the lifetime of a repository site

3.2 Three-Dimensional Displacement Measurements a Deep Boreholen
Scandinavian Caledonides

Threedimensional borehole displacement measurements were carried out to exploe pheyibetween

the geological structures and strass500mdepthin the COSEL borehole drilled into foliated highrade
metamorphic rock located in the central Scandinavian Caledorfidpsd3-1). This is the first time that

the SIMFIP method, which allows for simultaneous and continuous measurement of boretote frac
displacement during a higtressure fluid injection, was used at such significant borehole depth. Three
contrasting borehole sections were investigated, namely an intact rock section, a section intersected by a
flowing fracture and a section intersegtby a notflowing fracture. In the experimental procedure, an
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injection borehole section sealed by inflatable packers is pressurized until a micrometer scale borehole
movement is triggered. Mainly normal opening of fractures is observed at the eagly, $tdigwed by
increasing shearing with repeated activation cycles as the tests proceed (gukadyses of downhole
pressure and fracture slip with an inversion method allows estimation of the full stress tensor, whose
orientation is reasonably ceistent with the N120° maximum horizontal stress trend deduced from
borehole breakout analyses at greater depths in the same borehole. Finally, we show that natural fractures
induce a variation of stress orientation and magnitfdg-to-20° and 2to-14MPa between tests, which

may significantly affect the shallow crustal stress and hydrogeology (3dble
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Figure 3-1. Location of the COS@ borehole on (a) th&/orld Stress Map (WSMof Fennoscandinavia
(stress indicators from the WSM aftdeidbach eal., 2009. (b) Schematic location of the SIMFIP tests
on the COS€l borehole log of breakouts mappedWgnning et al. (2017 (c) SIMFIP probe deployed
at COSC1 (d) Details of the SIMFIP cage.
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Figure 32 shows a synthesis of the observed borehole displacements variations common to all the three
tested intervals in COSC borehole. Displacements are related to the injection pressure aedarmdunt

of water leakage into the stimulated fractures. Indeed, during each test, the protocol involved repeated low
to-high pressure cycles, associated with a progressive increase in the cumulated volume of water injected
in the fractures with time inepeated cycles (see Figurel Jor the intact rock test). At low injection
pressures, there was the {BB0)-10° m horizontal chamber wall displacement in all the tests. In the intact
rock, this displacement was preceding the fracture initiation at 1&7MPhe other tests, it was observed
below 8.5t0-10.0 MPa, mainly during the first cycle when little injection water is leaking into the
preexisting natural fracture(s). This horizontal displacement is related to the transversal elongation of the
rock associated with the axial shortening of the borehole pressurized section sealed between the two
SIMFIP packers (Figure-3). At high injection pressures and low injected water volume, water leakage
into the formation is characterized by a dominant vertlisgdlacement. This was observed during the short
duration constant flowrate tests in the intact rock where a progressive transition frémorigontal to

vertical displacements was observed (Figue-8l). At the fracture breakout of 16.7 MPa, displacetse

were still mainly horizontal, but they progressively turn to-gafiical during the following reopening

cycles. This is in good agreement with the creation and reopening of thgnitpfracture observed on
borehole acoustic log after the test (Fey@2c-d). In the two initially fractured intervals, displacements
rotate to a sulvertical direction for pressure between 8.5 and 14.4 MPa. It should be noted that the
displacement vectors are not exactly perpendicular to the fracture planes in adidts,dadicating a minor

shear component during this activation period characterized by a low injection water volume (see Figure 3
4b for ex.). This shows that fracture reactivation is dominated by a mode 1 opening during this period
(Figure 32¢-d). At high injection pressure and after significant water flow into the fractures, an increasing
reverse shear component was developed on the stimulated fractures. This occurs at about the same pressure
of 13.5t0-14.4 MPa in all three tests. In the intact rockse, this happens when the fhdidven
hydrofracture has grown large enough to behave in the same way as the natural fractures stimulated in the
other two tests (Figure-2e). This shows that as the fracture stimulated patch volume is increasing with
time and with the amount of injected fluid, the activation mode evolves from mode 1 to the mixed mode,
with the fracture hydromechanical development being more dependent onfib&lfairess tensor.
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Figure 3-2. Synthesis of the observed fracture aatiion mechanisms. (a) Prest status of the

SIMFIP double packers sealed borehole interval. (b) Reversible interval response below the breakout
pressure. (c) and (d) Fracture initiation at breakout pressure and during the following reopening
pressure cyels. (e) Fracture slip after several stimulation cycles.
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The stress state is computed following the protocols on dislocation analysis during fluid injection and its
application to stress inversion. Thetocoluses: (a) th&IMFIP displacement vectors, (b) an estimation

of the activated fracture normal stresséd on the measured injection pressure and (c) an estimation of the
vertical stress calculated at the test depth using the density log. We project the measured displacement
vector on the activated fracture plane that is given by borehole acoustic |og@ngpnsidered that the
measured displacement has a slip and a component normal to the fracture plane or a dilation component.
The dilation is considered to not affect the orientation of the slip, and consequently, not affecting the
orientations and magunidles of then-situ stress state during the inversion. The results are characterized by

a 10to-20° and by a 20-14 MPa variations in principal stresses orientations and magnitudes (¥hble 3
Typical ranges of uncertainties in stress magnitude andtati@m given by classicddF methods are tens

of MPa and 5° to 20°, respectively. The full stress tensor can be characterized by one SIMFIP test, which
is not the case of the usual methods, which rely on combinations of datasets obtained at multipla depths
addition, the SIMFIP clearly shows a variability between tests that relates to fracture heterogeneity while
the usual methods rely on assumptions of homogeneity and linear increasi«itihstress with depth,
conditions unlikely to be met in fteured crystalline rocks

Table 3-1. Summary of stress estimations.

Test | Vector S1 S» S3 sy | Activated Slip Pressure
Nbr. fault
[Depth]
m m dd/d MPa | dd/d MPa | dd/d MPa | MPa | dd d dd/d sense| MPa
1 EE 252/10 | 42.1 | 352/46 | 12.6 | 153/43 | 123 | 133 | 247 | 13 | 71/ | TF 16.7
[484 -13
486 4 JK 234/10 | 44.4 | 324/5 | 166 | 77/79 | 124 44/ | TF 14.2
4] -12
PQ 246/10 | 422 | 5/71 | 125 | 153/17 | 12.0 60/ | TF 17.4
-13
OR 255/9 | 38.6 | 163/13 | 34.9 | 19/74 | 11.0 138/ | TF 17.2
5
VW 299/44 | 16.4 | 206/2 | 13.4 | 114/47 | 10.6 -59/ N 16.4
8
A1B1 | 279/19 | 329 | 117 | 327 | 121/70 | 10.7 .13/ | TF 13.5
-3
2 UV, | 349/38 | 204 | 252/9 | 16.3 | 150/51 | 10.2 | 14.1 | 270 | 10 | -17/3 | N 14.4
[513.9 UV, 319/4 | 16.4 | 50/20 | 15.4 | 217/70 | 14.0 110 | 59 | 17/ | TF 14.4
516.3] 45
UVs | 28510 | 25.0 | 17/8 | 18.0 | 130/75 | 12.0 270 | 10 | 173 N 14.4
110 | 59 | 17/45| TF
3 NO 235/51 | 14.9 | 335/8 | 139 | 70/38 | 129 | 138 | 288 | 12 | -118/| N 13.5
[503.7 9
506.2] NO 292/9 | 28.6 | 24/11 | 16.8 | 163/77 | 13.8 63/ | TF 135
: -9

(dd7 dip direction; di dip; TFT Thrust Fault; Ni Normal Fault)
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3.3 Deep Borehole Observations and Modeling of Crystalline Rock
Hydromechanical Property Evolution During the Development of a
Macro-Fracture

Understandindhow initially intact rock properties evolve into fractunextk properties under pressure is
crucial for deep boreholes applications in crystalline rock. Here, we used fully coupleehiciianical
numerical code to model borehole displacement, fluid pressure and flow measurements conducted in
sections sealed by a doulgacker system at an ~500m depth in the CQ3©rehole drilled into foliated
high-grade metamorphic rock (Figure33.

Before After
° 180> 0° 180° 0°

Figure 3-3. (a)Intact rock section cores showing foliated metamorphic rock. (b) Acoustic image log

of the testsé interval geology before and after t
SI MFI P sensor 6s c | ampisgeoldgicahstrdcturesrofrthe imtervas)n(o) ®peh h e ma
fracture (blue arrow) section cores.

We first considered the axial section displacement measurement versus the section pressure variation during
the first secondso-minutes until fracturing or fracta reopening (Figure 3la colored sections). Figure 3

4b demonstrates three successive phases of displacement variations in the intact rock section. There is an
initial reversible axial contraction followed by irreversible contraction after fracturirggre and finally

axial extension after conducting repeated fracture reopening pressure cycles. It is only during that last phase
that water starts leaking into the formation. In the initially fractured section, where fractures are closed, the
initial contraction is larger than in the previous case, and larger is the extension associated to the fractures
opening. In the initially fractured section with an open fracture, no contraction is observed. A large axial
extension correlates with injection pressudgsing the reversible contraction phase, an intact rock bulk
modulus is estimated t be 80+20 GPa (FigursaBd 36). In the initially fractured section, models show

an about 40GPa decrease of the equivalent fractured rock modulus compared to esfioratithresintact

rock section. Models that figure the section as continuous blocks bounded bydisaordginuities give a

block modulus of 40+10 GPa, and discontinuities normal and shear stiffness of 30 and 3GPa/m,
respectively. In the initially open frage section, we get fracture stiffness values that are ten times less
than in the closed fractured section.
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In a second modeling phase, we consider the evolution of pressure, normal and tangential fracture
displacements versus time during the intact grehdracture rock tests duration (Figur&)3 We find that

the fractures properties previously estimated reasonably, can be used to explain the measured transient
hydromechanical response (Table€ &and Figures -B and 39). We show that in addition tdastic
properties, a low fracture friction angle or a large deviatoric stress overestimate the measured shear
displacements and slightly underestimate the fracture normal opening. Indeed, the best match is when the
two tests are modeled with the same stditetress, but with the contrasts in fractures elastic properties
deduced from the first modeling phase. In other words, it these results demonstrate that contrasts in fractures
properties may induce a heterogeneity in borehole strégare 34 shows arexample of borehole
displacements, fluid and packer pressure and injection flowrate during the test conducted in the initially
intact rock section

Cycle 3
Cycle 0 Cycle 1 Cycle 2 Cycle 4 Cycle S

| {1 ‘

pject .
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} \
= |
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Figure 3-4. Evolution of chamber axial displacement during the intact kfekest. (a) Packer and
chamler pressure, injection flowrate and cumulated injected volume. (b) Displacément
micrometerg)ormal and tangential to the created fracture (since the fracture is subhorizontal, the
normal displacement is taken as the borehole axial displacement).

We developed threalimensional models of fractures intersecting the three borehole intervals using the
distinct element code 3DEC (Figuréb3and 37). The code was used for a fully coupled hydromechanical
analysis of the fracture movement induced by the iigest A small model was first built to study the
borehole wall axial displacement versus pressurei(&ig5). A larger model was then conducted to study

the time evolution of fracture displacements during the entire tests (FiglreV@8e assume that the
complex opening of the fractures observed in the field corresponds to a fault rupture that is described by a
generalized Coulomb failure criterion, including the possibility for failure in shear and in tension. The
elastic hydromechanical response offtlagture is also included in the numerical model.
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Injection of fluid leads to a change of pressure and fluid flow in the stimulated fracture, and consequently,
to a change in stress over the fault surface, with a resulting change in aperture. It isl #isgtithe cubic
law can be used to describe fluid flow in the fault:

o0 =¥ (3-1)

whereQ is the flow rate (ifis), DP is the increment in fluid pressure (Pas the viscosity of fluid (Pa.s),
w is the fracture width (m), angh is the hydraulic aperture (m), which is defined:

w W

<

Yo DAIT (3-2)

wherebn, (M) is the initial aperture at zero normal stre@s,6is the increment in effective normal stress

Dus (M) is the shear slip incremer® is the fracture normal stiffness (GPa/m) anis the dilation angle

(°). Dilation occurs only as the fracture slips. The hydraulic aperture is linked to the fracture permeability
as follows:

~
g

Q — (3-3)

Experimental and numerical analyses have showed that the cubic law is adequate to simulate fluid flow and
hydromechanicaffects along smooth surfac&r¢wn, 1989 Zheng et al., 2019

Numerical simulations of flow are based on the fluid domain network structure, in which each domain has
a uniform fluid pressure and can communicate with the neighboring domains. Thus, the fluid flow
governed by the difference in pressure between adjacent domains. At each tinbe istese¢onds), the

fluid pressureR in Pa) is updated considering the net fluid flow and the domain volume chiaige (

<

L — (3-4)

wherePy is the initial fluid pressureky (Pa) is the fluid bulk modulus, ant, = (V; + Vi1)/2 with V.1 and
V4, the dbmain volumes (f) at previoust{1) and newt] times, respectively.

We used two different fluid flow modes to reproduce the observed fluid pressures:

w A variable permeability model (i.e., the cubic law with a value of hydraulic aperture that changes
with the evolution of fault normal displacement). This flow model was used to model the initially
open fractureand

w A variable permeability model activated at f ai
3DEC to simulate fluid flow in the activatedgts (due to local shear or tensile failure) of the
fracture plane but prevent flow from occurring in the remaining elastic parts. This assumption is
used to model the hydromechanical responses of the initially intact rock interval.

The fracture and intagbck properties used in the model were first estimated using the small borehole
nearfield model. The host rock is assumed to be linear elastic. The host rock matrix is considered
impermeable. Fracture stiffness hand 0 are estimated from matchingogel results to the initial
reversible parts of the measured displacememiressure curves. An initial hydraulic aperture is given to
initiate the model. It is incrementally actuated during calculation iterations. Fracture friction, cohesion and
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tensile strength values were adjusted until a best match is observed between calculated and measured

di spl acement s.
the small model, the injection pressure and the pguwkesures were modeled as stress boundary conditions

We

applied

t he

me d i

an

stress

fi

applied to the borehole wall (Figures3. In the large model, the field injection was simulated by applying
mo d e |
theoretically represents the measured tinistory of injection flowrate imposed in each interval during the
in-situ tests. Using the small model, we compared calculated borehole axial displacements to measured
ones (Figure ®). In the large mael, normal and shear displacements of fractures and pore pressure were
calculated at the injection point and compared to field measurements (Figeesl 39). First, the model

is run to equilibrium to establish the initial static stress and pressadéions. Then, the injection flowrate

is applied.
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Figure 3-5. Smallscale3DECnhumerical model used to estimate rock properties from chamber a
displacement versus pressure. (a) Model boundary conditions. (b) Stress boundary conditions applied
in the borehole to figure both packer and chamber pressure increase during tes{s) @ifferent

rock geologies considered in models.

Figure 36 shows the results of the numerical analysis of the measured borehole wall axial displacements

using the small model (which was shown in Figu®).3n Figure 36(a), we consider the elastiesponse

of an intact rock chamber (Figure58) for different elastic bulk moduli. We found that the best match to
the intact rock test data during injection cycle 1 before fracturing, is for an intact rock moduluof 80
100 GPa. We observed that aftexcturing the best match is for a bulk modulus that decreasedtts 20
36GPa during cycle 4. In FigureGBb), we consider the elastic response of a closed fracture (Figidke 3
We found that before the fracture activation, there was no significdatafite in the chamber elastic

response compared to the intact rock case (see how the experimental points of cycle 1 for the closed fracture

align with those for intact rock). When the fracture is activated, there is a drastic change in the chamber
displa@ment response to pressure which switches to an axial extension similar to the chamber response of
the initially open fracture case. Thus, in both the activated closed fracture (cycle 2 closed fracture in Figure

3-6b) and the opened fracture case (FiguéeBbest match for fracture properties ébdbGPa/m and 0-3

to-0.5GPa/m for the normal and shear stiffnesses respectively.

d

g
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Figure 3-6. Borehole axial displacement versus chamber pressure. Circles and squares are
measurements picked on the experimental displacement curve periods figured for example in yellow
in Figure 34 (same type of picks were conducted on closed and open fractaje@estes show the
results of the numerical sensitivity study of borehole axial displacement to rock properties (axial
displacements are calculated with the model setting shown in Figire 3
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Figure 3-7. Model setting to analyze the transient evalntof injection pressure, fracture normal
and tangential displacements during the entire intact rock and open fracture tests. (a) Intact rock
tests where thElF plane is initially considered as a closed fracture at the onset of the model. This
plane will smly open at failure triggered by pressure increase induced by injecting the flowrate
history (b) at the injection point Inj.1. (c) Open fracture model setting and (d) flowrate history

injected at point Inj.1 in the model
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Figure 3-8. Intact rockHF propagation sensitivity to rock and stress properties. (a) Injection pre:
(upper graphs) and flowrate imposed in the model (lower graph). (b) Fracture normal displacement.
(c) Fracture tangential displacement. Best fit model properties are given in3dI2able

Figure38 s hows that the fracturebés displacement and
fracturing test are reasonably repr od+®clThednitidlor t he
injection cycle is poorly reproducéecause of the application of the simplified fracture physics considered

i n t he model . |l ndeed, t he chamber 6s di spl acement
mechanical damage effect progressively evolving in a rdfaacture (this damage and tlieacture

localization physics are not considered in the model). We also found that the best fit was for a closed
fracture with no cohesion and no tensile strength. Increasing cohesion or tensile strength does not change

the results (except if values aekén above 10MPa where no failure is modeled). It appears that rupture is

driven by the permeability law applied in the model. This law only allows flow calculation in the rupture

in tension or in shear fract ur eastip propertiee ae redidedd e | st
there is more fracture normal displacement. When fracture friction angle or deviatoric stress are increased,
there is more tangential displacement.
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Figure 3-9. Open fracture test sensitivity to rock and stgsperties. (a) Injection pressure (uppe
graphs) and flowrate imposed in the model (lower graph). (b) Fracture normal displacement. (c)
Fracture tangential displacement. Best fit model properties are figured in Table 3

Figure3-9 shows thattht r act ur eés di spl acement and injection p
test are reasonably repr oduc e-. Intreasing the mbwudal dracturp ar a me
stiffness reduces the normal opening and increases the fluid presdarger initial hydraulic aperture

induces a smaller injection pressure and normal displacement. A lower friction angle favors rupture above
10MPa but triggers more shear displacement than measured. A larger deviatoric stress also favors rupture
above DMPa but underestimates the normal displacement and strongly overestimates the shear
displacement.
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Table 3-2. Best fit properties for numerical models shown in Figur8sa®d 39.

Parameters Units Intact rock Open fracture
Bulk modulus of rock GPa 50 33.3

(K)

Shear modulus of rock GPa 33.8 25

(©)]

Rock density(r;) kg/m? 2800 2800
Fault elastic stiffnesé,, | GPa/m 20,1 3.3,0.17
ks

Friction angle (°) 25 25
Cohesion/Tensile (MPa) (0,0) (0,0)
strength

Initial hydraulic aperture| nmm 0 10

(@no)

Dilation angle(y) Degree 5 5

Initial fluid pressuregPo) MPa 6.2 6.2
Fluid Bulk modulus Kw) GPa 2 2

Fluid density ) kg/m? 1000 1000
Fluid Viscosity @g) Pa.s 0.001 0.001
Stress§1,52,53) (MPa) | (14.8,14.0,13.0)| (14.8,14.0,13.0)

Finally, we observe that leakage into an initially intact crystalline formation only occurs after several
repeated fracturing pressure cycles (FigwE0B We identify that, before fracturing, a near borehole

surface effect must be overcome, where nattnatks are small and deformations dominated by stress
tensorb6s variations caused by the influence of <chae
damage and weakening of the intact rock elastic properties but no leakage since all gadhing the

growing cracks is baekowing at the end of stimulation cycles. We suggest that this transient state is
dominated by strength and by the drastic change in the elastic properties of the rock, both controlling
fracture growth and leakage niily, when a mackfracture grows deeper into the rock, deformation and

flow are steadier and dominated by fractureds hyd
other existing fractures
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Figure 3-10. Conceptual model of damage evolutioward a hydraulic mac#sacture growth in
crystalline rock during a borehole hydraulic test.

3.4 New Field Experiments to Study the Crystalline Fault and Fractures
Permeability Variations Induced by Weak Aseismic to Seismic Loadings
at Relevant Nuclear Repsitory Depths

There is a concern that seismic events within or close to a repository site may induce secondary fracture
shear movements across canister positions. Depending on the magnitude and velocity of the secondary
shear displacement and on the cw@ion and location of the intersecting fracture relative to the canister,
such a shear displacement could jeopardize the integrity of the canister. It is thus of crucial interest to
nuclear waste authorities to study permeability changes in respondbeoletal small magnitude or

remote large magnitude earthquakes, which need to be better understood and predicted. Here we show a
new fault displacement instrument call®dwnhole Robotic Stress Analyz€DORSA) and anew field
experiment site set in grisd rocks both designed to get relevant data about fault and fractures permeability
variations induced by weak aseismic or seismic loadings. The site was developed within a collaboration
with theNuclear Waste Management OrganizatiodagianlNUMO). We pesensome preliminary results
highlighting the instrument capabilities and the order of magnitude of fault displacements recently observed
following: (i) a magnitude 3.6 earthquake sequence that occurred at a 4 km depth on the San Andreas fault
close to he area were the experimental site is deployed,igrilé Mw 7.8 Turkey tekseismic earthquake.

TheDORSAiInstrumenhas been developed based on the strong LBNL experience of using SIMFIP probes
installed in boreholes for monitoring thrdenensional displacement. This instrument was developed to
fulfill the following requirements related to a subsiding area overlymm&nsively pumped aquifer:
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Large tensof-centimeter displacements;
Possibility to distribute the measurements along a borehole;

Long-term monitoring of several months-years;

€ € € €

Deployment in cased boreholes;
w Relatively lowcost and ruggedized instrument

The DORSA is made of two anchoring zones connected to each other by aluminum tube and the 3D sensor
(Figures 311a and 3lL1b). The anchoring zones are made of twim long stiff bars that are pressed against

the borehole wall by a-fin long airinflatable rubber packer. Each anchor is inflated and fixed
independently. This is allowing to deflate only one anchor when it is evigrmeakssary to reset the sensor

that is getting out of range due to letggm increasing displacements. The 3D sensor is made of two
platforms linked by 6 legs set in 6 different directions (Figui28). One platform is attached to the upper
anchor. Theother one is attached to the lower anchor. Legs are connected to the platform with ball or
spherical joints. Legs are made with displacement sensors that are -®las&ib VDT sensors fronTE
Connectivity Company (HR 200 model), with a-5¢hm range and.l1 micrometer resolution. The
aluminum tubes that connect each platform to the anchors are considered fully rigid, while the 3D sensor
is ultracompliant. Thus, the DORSA is measuring the displacements variations alorlggsdifking the

two platforms These legs displacements correspond to the displacements of the upper and lower anchors
that are induced by borehole wall displacements related to fault movements if the DORSA is set across the
fault zone. The distance between the two anchoring poistdden set to 4.6 m for the NUMO tests. A
compass fixed on the top anchor allows for orienting the measurements. Above the upper anchor, the
electronic unit of the legs displacement sensors is installed. The DORSA is connected to the borehole head
with anelectric line to convey power to the sensors and to convey the sensors signal to the surface, two
pneumatic lines to inflate the anchors and a steel cable to hold the probe during deployment. Displacement
signals are recorded at the ground surface withraoNal InstrumenDAQ M systemconnected to a
computer. An irhouse software made with LabView software automatically converts the 6 legs
displacements into the,(y, 2) displacements andR(, R,, R,) rotations of the DORSA] upper ancho
relative to thdower anchor. The output is a @olumn data file (.csv format), the first column being the

date and time, the 6 remaining ones being the thiraensional displacements and rotations.

In detall, the threglimensional DORSA sensor is alégree of freedofDOF) displacement sensor. Since
displacements depend on the surrounding rock subsidence, they are unknown. We use the legs length
variation to solve the position and orientation of the upper mobile platform relative to the lower platform
considered fixedTo determine the forward kinematics of the upper platform, a set of strongly coupled
nonlinear equations is applied, because there is no a closed form solution for this set of equations. We use
the Neldeil Mead (NM) algorithm to search the value of theriahles &, vy, z, R, R), R,) position of the

moving platform satisfying the-gs length variations. The NM algorithm is a direct searching method for

a nonlinear minimization problem.

The instrument was built and calibrated at LBNL. It is measuring rétetive threedimensional
displacements and rotations between two anchoring points eventually clamped to two fault or fracture
compartments. In the laboratory, 0110 micrometer displacements were applied to the DORSA sensor

in different orientationdh i gh !l i ght i ng a samnl8®micronsetens and avlerylbwrange o f 1 (
of background noise with a coefficient of variation <1%.
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Figure 3-11. Schematic of a DORSA probe prepared for long term monitoring of fault moveme
(a) Model view ofthe instrument with itprotectivePVC shroud. (b) Cross section of the instrument
showing the 3Bsensor centered between the two anchoring packers. Each packer will be
instrumented with a Silicone Audio 3 axis accelerometer to capture seismic wawgaslt(c)
instrument ready for deployment in the NUMO field experiment.
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Figure 3-12.(a) Map of the instrumented NUMO San Andreas field site. (b) Vertical cross sectic
showing boreholes instruments layout.
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The DORSA was installed at a 68 m depth redical borehole crosscutting a small secondary fault close
to that San Andreas fault trace (FiguréZBfor the detailed borehole geology and Fig 15a to see the site on
a larger scale). Since December 2022, the DORSA has been permanently recordotigplackments.
Here, we extracted two periods of interest that show:

w The fault response to the local January 19, 2023, Mw 3.6 San Juan Bautista earthquake sequence,
and

w The fault response to the February 6, 2023 Mw 7.8 Turkeyseidenic earthquake.

On January 19, 202&%he DORSA displayed agnificant displacement variation starting 36 minutes after

the San Juan Bautista (SYBlw 3.6 earthquake (Figures1® through 316). This signal occurred while

there was no rainfall. DORSA signal was 8 minutes and 15.15 seconds long (Fi@be B intiated as

a slow change in the displacementsdo trend for
acceleration lasting 31.31 seconds. During the acceleration period, the amplitude of Eastern, Northern and
Vertical fault displacements were 297, 181 22 16 m, respectivelyfFigure 313b). This corresponds to

a displacement vector length of 322510 and a displacement velocity of 11 micrometer/second.

Bi
P

ic Level and Seismici

Mw 3.6 SIB earthquake

882

8814/ @ LocalEQMagtude e
Telesaisms Magnitude

15:00 16:00 17:00 Dorsa Displacements 18:00 19:00 20:00
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Figure 3-13. DORSA displacements vs time during the SJB Mw 3.6 earthquake sequence: (a) Piez«

levels in NW3. Water well, and seismicity. (b) Strand 1 Eastern, Northern and \agid&éplacement vs
time.
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Figure 3-14 shows that the thraBmensional relative displacements of faotimpartments are sub
horizontal with a slight vertical component. Displacements follow two main trends:

1 A general contraction trend that was NO%0 NO70. This trend is consistent with the N064
maximum horizontal stresslti®ax estimated on the site. iBitrend is characterized by the fault
hanging wall (red curve) slowly moving eastward and the fault footwall (brown curve) moving
westward, and

1 Episodic displacement events subparallel to the fault. The main one was the 8 minutes and 15.15
seconds long lown in Figure 313. In Figure 314d, this event is characterized by a fast

di spl acement from 616 to 6mé, in good accor dan
fault.
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Figure 3-14. Threedimensional variations of the DORSA displacements during the SJB earthqu
period shown in Figure-35 (red curve is the displacement of the upper DORSA anchor clamped to
the fault hanging wall and brown curve is the displacement of the lower D@RS¥r clamped to

the fault foot wall): (a) Thredimensional view (grey surface is strand 1 fault). (b) and (c) are vertical
plane views. (d) Horizontal plane view. The dashed line is the strand 1 fault plane projection.
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In Figure 315, we have convid the DORSA displacements into displacements normal and tangential to

the fault surface. Then, we have picked displacement values at key changes in displacements (magenta lines
in Figure 315b). This allows for defining displacement vectors between twsexrutive picked values.

There is a migration of displacements from the paretShmax NESW trend [QPQ®and pin Figure

3-15ab) to mainly rightlateral strike slip during the main creep event (vect8jf@@ndda Bin Figure 3

15ab). During the initial period, the fault was slightly closing. The creep event is characterized by a 50 10

m opening. Interestingly, the compression zone on
trend that is consistent with ti&ector orietation at the onset of the DORSA signal deviation from the

Shmax trend (Figure-B5aDb).
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Figure 3-15. Comparison of DORSA creep event with SJB Mw 3.6 event: (a) Earthquakes locat

(b) Fault normal and shear displacement variation with time (Mw\v&Bteccurred at magenta line

@ on the |l eft of the graph). Magenta | ines are w
plotted in Figure 3L5c. (c) Stereographic lower hemisphere projection of displacement vectors (dark
semicircle is the priection of strand 1 fault plane).
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On February 6, 2023, the DORSA recorded a signal that could apparently be related to the Mw 7.8 Turkey
earthquake (Figure-B6). Nevertheless, some eléctmalfunction of the DORSA is altering the signal

(blue arrows in Figure-36). Theteles ei smi ¢ waves starmdb bei nfheréedt dec
16ab. Displacements apparently started deviating from the Shmeé&ME t r e n g6 awh ekenvasteh ed

the arrival of the large amplitude surface waves. This surface wave shaking period is characterized by
displacement tangential to the fauitj. Figure 316b shows that a 2-50 10° m opening occurred.

(c)

Vertical displacement (counts)
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Figure 3-16.Dorsa response to the Mw 7.8 Turkey isdismic earthquake: (a) Vertical

displacement recorded at the broad band seismic sensor on the NUMO site (arbitrary unit). (b) Fault
normal and shear displacemeatiation with time. Magenta lines indicate the times when
displacements were picked to define the vectors plotted in Figi@&B Blue arrows show electric
malfunction of the DORSA sensor (fixed since these observations). (c) Stereographic lower
hemisgnere projection of displacement vectors (dark seingie is the projection of strand 1 fault

plane).

3.5 Conclusions

LBNL scientists conducted monitoring experiments and analyzed direct downhole data of flow, pressure
and displacements with both inversion methods and fully coupled hydromechanical forward numerical
models, Experiments were conducted to highlight the a@tidir sequence of fractures in crystalline rocks

at am ~500 m depth in the COd8Morehole. Mainly flatying fractures subparallel to foliation open under
variations of the normal effective stress in a slightly reversed stress regime were detectaesHiattu

open at an injection pressure in a range of theveutical minimum principal stress. This opening preceded

a reactivation of reverse shear that occurred at higher injection pressure and after several water injection
cycles. All tests show thisvolution of fracture activation from mode 1 to a mixed mode as the stimulated
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water volume increased. Adding the borehole displacement measuremestatal@adHF or hydraulic

tests on prexisting fracturesHTPF)test allovedfor defining an early tegteriod where fracturing mainly
depends on the minimum principal stress, and a later test period where the fracture hydromechanical
response was more dependent on the triaxiafidhlt stress tensor. Using the slip vector triggered on
fracture plane durip this latter period, we estimated for the present case the three principal stresses
orientations and magnitudes with atbe20° and a 2o-14 Mpa variation between tests. These are typical
ranges of uncertainties in stress magnitude and orientationlginaassical HTPF method, likely because

of a limited number of testsThe estimated maximum horizontal stress orientation is consistent with the
N120° trend deduced from breakouts mapped in the same Q@f@:hole at greater depths. It should
also be nted that the SIMFIP approach proves its utility to determine stress in areas where no such
boreholeinduced fractures are observed.

Displacement measurements also show the strong influence of borehole wall deformation on the onset of
fractureactivation, and until breakdown pressure. After several fracture reopening cycles, this influence
vanishes, and displacements are mainly driven by hydromechanical movements of the fractures. We find
that borehole wall displacement before the fracturinggane can be used to estimate intact rock and
fracture properties such as the bulk and shear moduli and the fracture normal and shear stiffness. They can
also be used to quantify the evolution of these properties during a HF test. Key result is thatracalech
weakening phase is preceding flow into the deeper host rock, or in more practical words that several
stimulation cycles are needed to trigger flow through the borehole mechanical damage zone.

Perspectives are to develop more advanced fully coupléxbimechanical models of flow associated to

the critical evolution of borehole nearfield damage toward deeper rockfnacrare growth in crystalline

rock. I n our current model s, we -ispredsyeddisglacecnans ed o n
to estimate the rock properties. Here we will model both borehole axial and radial displacement, and their
variations with pressure and with time. In addition to considering the models sensitivity to rock properties,

we will also look at the sensitivity dforehole wall displacements to different state of stresses.

In parallel, we will start quantitative numerical modeling of fault creep induced by weak loadings such as
seismic waves from distant earthquakes. In this preliminary work, we will explore howetdhe 3DEC

code on the DORSA observations of fracture creep triggered by off fault earthquake. Moreover, we may
also deploy a DORSA across a fault in an underground gallery in Switzerland, and to monitor the eventual
fault displacement induced by a gaif excavation conducted nearby.
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4.0 GEOMETRIC CHARACTERIZATION OF A SINGLE
TRANSMISSIVE FRACTURE

4.1 Introduction

To gain more insight into the nature of the fracture flow observed at the QQ&@, core from depths
corresponding to the flowing fracturessyarovidedo LBNL, andlaboratory experiments were conducted
to determine fracture transmissivityin multiple directions for naturally fractured casamples Dobson

et al., 2016, 2017; Zheng et al., 2018, 2019; Guglielmi et al.,)20dMe three primry goals bthe lab
experiments were to:

1. ExamineT changes with effective stress
2. Compare lakscaleT values to fieldscale values obtaindtbm FFEClogging
3. Look for anisotropy in fracturé

A novel experimental set up enabled flow through a transverse fracture to be specified in four directions,
using a range of effective stresses representatiiresfu conditions, and differential pressure across the

core to be measured. Flow experimehtsugh an artificial fracture were done to verify that the laboratory
procedure works. Then flow experiments were conducted on several naturally fractured cores selected from
the depth intervals where FFEC logging identified flowing fractures. Expeiamesults for two cores

were examined in detail, including developing a numerical model of the fracture planes and conducting
numerical simulations of the laboratory flow experiments.

CT scans of cores provide maps of fracture apeliflrel), where land J are pixel indices in orthogonal
directions across the fracture face, under conditions of zero confining stress. It is useful to compare aperture
distributions obtained from different cores, and for the same core before and after a series of flow
expeiments in which confining stress is cycled from minimum to maximum values and back. The ultimate
goals are to determine whether aperture distribution permanently changes as a consequence of experiencing
a range of confining stress, and to gain understgnaf how changes in aperture distributionelate to

changes in transmissiviil;, and consequently to flow patterns through the fracture.

4.2 Visualizing Aperture Distribution

The most straightforward visualization of the aperture distribution is as antafmras shown in Figures

4-1 and 42 for cores 212 and 4011, for pre and posfflow-experiment conditions. For both cores, the
images have been rotated to match the orientation of numerical models described in previous reports. The
color-map displayis very good for providing an overall assessment of the differences between aperture
distributions. For core 234 (Figure 41), aperture decreases significantly over most of the core between
pre- and posflow conditions, but at some point in time, aahthunk of the upper surface of the core

broke off, and in podliow conditions, sits loosely on the lower half, creating an extremely large aperture
shown in bright red in the upper left portion of the core. For corel4(Fgure 42), aperture does ho

change much between pand postlow conditions.

The colormap is not so good for answering quantitative questions, such as, does aperture change by a
uniform amount between prand posfflow conditions? Positioning the core in the CT scanner is no
precise enough to subtract aperture values pixel by pixel, so other methods must be used to address such
guestions.
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Figure 41. Core 2112 preflow (left) and postflow (right) aperture distributions'he black lines show
the locations of aperture profiles.
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Figure 42. Core 4011 pre and posfflow aperture distributionsThe black lines show the locations of
aperture profiles.
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Figures 43 through 46 shows profiles of aperture across the cores for the maps shown in Fiduaesl 4
4-2. The CT scans just provide a singlealue for each (1,J) location in the fracture plane, but Hage
and /2 are plotted, to make aperturisualization easier.

For core 2192 (Figures 43 and 44), the overall decrease in aperture is apparent, as is the isolated large
increase associated with the broken chunk. Moreover, it is obvious that the aperture does not uniformly
decrease. In somdgges, initially large apertures decrease more than initially small apertures, creating a
more uniform aperture distribution (e.g., the {bvegion of the J = 125 profile in Figure34 the highJ

region of the | = 200 profile in Figure4). In some plees there is very little aperture change, and in a few
places beyond the broken chunk, aperture increases. If the aperture distribution were strongly anisotropic,
it could manifest as a contrast in profile character between #mellJ direction profiles, but this does not

appear to be the case.

For core 4011 (Figures 45 and 46), the lack of aperture change between anel postflow conditions is
apparent. In most places, the pfbstv aperture is slightly bigger. As for core 22 1there does natppear
to be much contrast in the character of the profiles in-thed Jdirections.

The aperture profiles illustrate nicely that the sreallle variability in core 212 is more significant (i.e.,
bigger) relative to average aperture diameter thasfiir core 4011. In core 4041, wholecorescale
variation dominates the aperture distribution.
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Figure 4-3. Profiles in the | direction for selected J values (see Fidudrefor core
211-2.
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Figure 4-4. Profiles in the J direction for selected | values (see Figurefor core 2112,
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Figure 4-5. Profiles in the | direction for selected J values (see Fig®efor core 4011.
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Figure 4-7. Core 2112 histograms of aperture for pilew (blue) and postlow (orange) conditions.
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Figure4-7 shows the histograms of aperture distribution for ctfe2? for preflow and postflow

conditions. The aperture distribution has generally maintained its shape, while shifting to smaller values
overall. The broken chunk shows beyond the-Bfonupper limit of the histogramThe peaks at10

nmm arenot physical, but represent background values in the CT scans (note dark blue backgrounds in
Figures4-1 and4-2).

More quantitative comparison between -pead posflow histograms can be made by shifting the
horizontal axes until the peaks of the two histograms match, as shown in FRyure ghift of 60microns

aligns the peaks, and ifitrates how the aperture distribution has changed. For thélg@estonditions,

the left limb of the peak is overall sharper, and the right limb has a shoulder, which may be related to a
slight opening adjacent to the broken chunk. The sharp lefttichtates that as the fracture overall closes,

the smallest apertures do not close as much, which implies that asperities will not form as much as would
be predicted by a uniformlglosing fracture. This in turn suggests that there will be not as much of a
tendency for preferential flow as there would be with a unifoctdging fracture.

211-2Pre  211-2 Post (60 microns smaller)
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Figure 4-8. Core 2112 histograms of aperture for gilew (blue) and postlow (orange) conditions,
with the postflow histogram shifte®0 microns to the right.

Figure 4-9 shows the histograms of aperture distribution for core140br preflow and postflow
conditions. The aperture distribution has generally maintained #pashwhile shifting to slightly larger
values overall. Thpeaks at20 mm are not physical, but represent the background value
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Figure 4-9. Core 4011 histograms of aperture for pflew (blue) and posflow (orange) conditions
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Figure 4-10.Core 4011 histograms of aperture for pilew (blue) and postlow (orange) conditions,
with thepostflow histogram shifted 40 microns to the left
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Figure 4-10 shows the preand posflow histograms with the horizontal axis shifted by 40 microns to
match the histogram peaks. The overall shape of the two histograms are quite similar, indicating that a
relatively uniform opening has occurred. Note that thgeaof the histogram plot for core 4Q1s 0-1000

microns, whereas for core 221it is 0500 microns (and except for the broken chunk, the range is about 0
350 microns). Hence, the percent shift is much smaller for cord 400/1000 = 4%) than for ae 211

2 (60/350 = 17%)).

4.3 Conclusions

Different methods of visualizing aperture distribution are useful for different purposes. Color maps
illustrate general behavior, profiles demonstrate detailed mechanisms, and histograms provide insights into
collective behavior, all of which provide distinct information that is useful for interpreting aperture
distribution changes and their consequences for flow experiment results.

For FY24, we plan to continue examining CT scans of aperture distributions, includiog-fhew-
experiment and aftdtow-experiment scans, to assess the effects of exposing the core to the cycle of
increasing then decreasing confining stress that occurs during flow experirfarntisulaty, it will be
important to separate physical etieérom different processing techniques.
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5.0 UNDERSTANDING THERMAL -HYDROLOGICAL -MECHANICAL
PROCESSES INA SINGLE FRACTURE

5.1 Introduction

Fractures are ubiquitous in crystalline rocks. For the safe disposal of nuclear waste in crystalline rocks, the
opening ad shearing of natural fractures, as well as the creation of new fractures need to be understood
and, if possible, controlled. For example, the opening of natural fractures or the creation of new fractures
may provide additional transport paths, increagenpability of the crystalline rocks, and have a negative
impact on the safety of the nuclear waste disposal. The shearing of fractures can lead to dilation of localized
fracture segments, increasing permeability or even leading to seismic events.

The sherng (slip) of fractures is caused by shear stress exceeding the threshold of the shear strength due
to mechanical loading, fluid flow, and temperature effects. The physics of shearing involves not only two
interfaces (planar or rough) sliding along eattteothat satisfies a certain friction law, but also a dynamic
change of contact states and/or contact locations.

Depending on the scale under consideration, fractures show different geometric and physical features.
Figure 51 show a discretizacture network (DFNat the reservoir scale (&0 km - Figure5-1a), a rough

fracture network (mnam - Figure 5-1b), a dominant fracture at the core scale ferm- Figure 5-1¢), and

a damage zone at-mmi-EBigue5lghr ain scale (em

Figure 5-1. Fractures at different scales: (a) a DFNX@km), (b) discrete rough fractures (rm),
(c) a dominant fracture at the comake (mmcm, Ajo-Franklin et al., 2018 and (d) a damage zone at
microog r ai n snuraCheng gnd \Wong, 2018

At the outcop scale (Figure-8a), fractures appear to be very thin relative to their lengths, forming a
network. Zooming into a smaller scale (Figur&ty, the fractures are no longer straight lines, they appear

to be quite rough. At the core scale for a singleténae (Figure BLc), the fracture asperities may exhibit
various shapes, corners, or distributions, which may not be described by common statistical functions.
Continuing to zoom into the micrgrain scale (Figure-&d), a fracture, as a damage zone, @ardnsidered

as a granular system in which grain boundaries may or may not be cemented. Therefore, fractures can be
classified into three categories based on their geometrical featuregngijant fractures with nen
negligible widths and mineral fillingfinite-thickness porous zones), (2) discrete thin fractures forming
networks, and (3) rough interfaces and granular systdmet(al., 2017a; Hu and Rutqvist, 2020a, 2020b,
2021).
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Depending on the scale, the shearing of fractures may be controlled by different geometric or multiphysical
features. At the discrete network scale, the shearing of fractures is controlled by their interdeégtant (
Rutqgvist, 202} At the asperity sda of a single fracture, the shearing is governed by the major asperities
(Hu and Rutgvist, 2020aAt the granular scale, the shearing may be governed by abnormal geometric (e.g.,
sharp corners) and physical (e.g., softer or weaker minerals) features.

In a nuclear waste repository, the shearing behavior of fractures may be affected by temperature or
temperature gradients. Thermal shearing of rock fractures may occur when an increase in temperature in
the host rock generates a thermal gradient along witvan thermal expansion of the rock asperities,
leading to shearing of the fractures. Such shearing of fractures can result in potentially large changes in the
fracture permeability via changing the connectivity of a fracture network and/or aperturegylef si
fractures. In the presence of fluid or reactive fluids in fracty@@us media, thermal shearing is further
complicated by thermal pressurization, changes in fracture friction, dissolution, precipitation, and pressure
solution, which result from teperature gradient. Thus, thermal shearing is a very important process to be
considered in the assessment of the {tmmg performance of a geological nuclear waste repository

Models that explicitly account for discrete fractures can be categorized dependthe geometric
representation of the fractures. Two types of models exist for the modeling of the mechanics of fractures:
n-dimensional solid element modeRutqvist et al., 2009 and discontinuous interface models where
fractures are modeled astenfaces between discontinuous rock blockisjék et al., 20185 The n-
dimensional solid element modelRutqvist et al., 2009can be used to represent fractures with-non
negligible apertures. But when fracture apertures are much smaller than thdis,lahgt use of-
dimensional solid elements becomes computationally expensive. By comparison, the discontinuous
mechanical interface model for discrete fractures has been proven to be promising for analyzing coupled
processes in fractured porous media wHeacture contact dynamics (dynamic changes of contact locations
and contact states) can be considergdét al., 2016, 2017b; Hu and Rutqvist, 2020a

Modeling of coupled processes in fractures at the microscale has only been attempted in rec€or years.
example, modeling coupled processes in a single fracture was a part of the interDdgiciapment of

COupled Models and their VAlidation against ExperimégmiE COVALEX) project Bond et al., 2017;
Birkholzer et al., 2019 The models were categorizato 2D simplified models, statistical models, and
homogenized models. In these models, geometric features (such as asperities along fractures and grains)
are either not represented explicitly, or approximated by spheres or rectangular grids. Because real contacts
along rogh surfaces cannot be accurately captured, numerical modeling of coupled processes at the
microscopic scale has only recently been attempted. To develop understanding of fracture dynamics at a
microscale, a microscale model has been recently developetiepplied for analyzing fractures at the

micro asperity scale as well as in granular systétosapd Rutqvist, 2020a).

In this section we will use a series of numerical experiments involving shearing of fractures, thermal slip
of fractures, andhydrologcal-mechanical coupling within a single fracture daswer the following
scientific questions:

How do the intersections impact the shearing of a fracture network? Can we simplify the shearing
(slip) of fractures ira DFN? We will show that multiple fragres in a neighborhood can possibly
be representedquivalentlyby a single larger fracturenechanically

How do the asperities affect the thermal slip of single fractures?
How do the stress and fluid pressure affect the aperture and permeability ataréa

To answer these questions, we conduct numerical simulations using (a) a novel code badéuhoeribal
Manifold Method(NMM) and (b) a commercial software FLAC3D for multiscale thermathanical
analysis{(c) COMSOL Multiphysic$™ software Weused the NMM to conduct numerical simulations for
scenarios of two or several intersectimactures to test a hypothesis of using a major path(s) to simplify
complex DFNs. The results are benchmarked with FLAC3D simulations to provide confidenceaothe p
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of-concept of the new approath.e., the simplified DFN approach. Then, we applied FLAC3D to model
the thermaklip experiment for the Step 3 of DECOVALEX TaSk with a comprehensive sensitivity
analysis of key parameters such as the friction angletlze thermal expansion coefficient. Finally, we
usedCOMSOL Multiphysics™ softwareinvestigatethe effectof stress and fluid pressuoe porosity and
permeability changes.

5.2 Multiscale Modeling of Shearing of Fractures

5.2.1 Fundamentals of NMM

TheNMM (Shi, 1992 i s based on the concept of fAmanifol do
for interpolation and integration are defined separately. Based on this approach, an initiillgeone
generated, nenonforming mesh can be used and flexible loggdraximations can be constructed and
averaged to establish global approximations for both continuous and discontinuous analyses.

In NMM, independent mathematical and physical covers are defined. A mathematical cover is a set of
connected patches that cotiee entire material domain. For example, we can use a quadrilateral patch, a
circular patch, or a rectangular patch as a mathematical cover (e.g., patches AFBUEEIB2). Features

such as the density and shape of these mathematical patcheghiefinecision of the interpolation. The
physical patches are mathematical patches divided by boundaries and discontinuities, determining the
integration fields. The union of all the physical patches forms a physical cover. For example, physical patch
C isthe entire model domain, while physical patch B is the intersection of the mathematical patch B and
the physical domain which is divided by the boundaries. Physical patch A (divided from mathematical patch
A by boundaries) is further divided into physiqatches A and A by the inner discontinuity. The
overl apping areas by multiple physical patches ar
discretized into five elements:1BC (the overlap of physical patches, 8 and C), AC, A.C, BC, and C.

From Figure 52, we can see that the shape of the mathematical patches can be arbitrary; the relative
locations of mathematical patches at the model domain can also be arbitrary (only if satisfying

0z 6z 6), and the number of physical patchessash element can also be arbitrary.
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Figure 5-2. NMM mathematical and physical meshes.

The NMM (Shi, 1992; 1995 based on the theory of mathematical manifolds is a promising method for
analyzing both continuous and discontinuous media. Ipaksetwo decades, NMM has been successfully
applied to analyze mechanical processes in geologic media involving-bigleerinterpolation, fracture
propagation, wave propagation across fractured media, slope stability, fracturing of sandstone and
microscde mechanics of deformable geomaterials with dynamic contdctsagd Rutqvist, 202QbFor

fluid flow analysis, the NMM has also been successfully applied to the analysis of moving interface
problems such as free surface flowgng et al., 2014, 20)1.6The authors have previously developed a
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series of models for the analysis of flow and fully coupled processes of fractured porous media at different
scalesflu et al. 2016, 2017a,b; Hu and Rutqvist, 2020a

Figure 53 illustrates a higtevel summary of thenodeling capabilities for simulating fractures as finite
thickness porous zone3FNs, and microscale asperities and grains. Radiating from the direct coupling of
conservation of solid momentum and conservation of fluid mass, discontinuum mechanicsewith th
calculation of dynamic contacts is applied to the two discontinuous scales, iBENseand microscale

Continuous Discontinuous
Finite-thickness Discrete fracture Microscale:
porous zones networks (DFNs)  asperities and grains

Integration of

irec unli S
Direct coupling continuumand |

7Contact statesjor each contact pairi |

Mechanical discontingum Open (DFNs): linear stiffness
Indirect equilibrium mechanics | Separated (mlcrpscale): no constraints
coupling 22 Bonded: continuity of displacements
Nonlinear i Sliding: Coulomb’s law of friction
finite- Volumetric Pore Chardes of | contact [ ctura
thickness |«=——— strain pressure BErtie bl || [ERSESAEIE- S ates, | |-
zone model | Changes c - v| and shear strength changes
Conservation of Zero-dimensional T
fluid mass  [*—————= fracture flow model —— SUSESIoNes
Darcy’s Law Flux Cubic Law equation
- exchange

Figure 5-3. Overview of the multiscale coupled processes models based on the NN

asperities and grains. In addition, different direct and indirect couplings were applied to assess features of
constitutive behavior and physical laws for different scales

5.2.2 Discontinuous Fracture Model in NMM

5.2.2.1 Contacts of the Discontinuous Fractures

Themechanical state of a fracture is complicated. A fracture raeg beveral segments and every segment

from the two sides of this fracture (a contact pair) has three possible contact states: open, bonded, or sliding.
When sliding or shearing occurs, contact pairs (i.e., the locations where contacts occur) maydoe altere
Corresponding to these three contact states for each contact pair, different boundary constraints are applied.
When a fracture segment (a contact pair) is open, a linear constitutive behavior is assumed:

1, Qoma (5-1)

where, denotes a tensor of the effective stress in both normal and tangential directions of a segment of a
fracture,Q is thestiffnesstensor of the segment, addl ais the jump of displacements in botbrmal and
tangential directions of the fracture segment. Wkkis set as zero, a mechanically open fracture can be
described.

When a segment of a fracturebisnded the distance and relative shear displacement between the two sides
of thesegment is assumed to be zero, satisfying:

Q m, @a T (5-2)

whereQis the timedependent normal distance betweentihe surfaces of the fracture segmemtddo o
is the relative disptzement between the two surfaces in the direction along the contacting face.
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When a segment of a fracture is sliding, Coul ombéd
while the normal distance between the two surfaces of the fractuneseghould be zero:

Q nm ., O 00 weE i QO a (5-3)

where'Ois the contact force in the direction of the sliding faGds the effective normal contact force by
considering fluid pessures is the friction angle, and "Q&b & denotes the direction éDthat depends

on the direction of relative shear displacement. When sliding occurs along the two surfaces of a fracture,
the locations of contacts change with time, possitagileg to changes of contact pairs as well as contact
states among several segments of this fractiweaid Rutqvist, 2020a; 20R1

So far, we have described a fracture segment (a contact pair) in open, bonded and sliding contact states. In
dynamic condibns, these contact states may be changed as follows:

w If a fracture segment was open, but became bonded later, constraints in Eduajishdquld be
added.

w If the fracture segment was open, but is in a sliding state afterward, constraints in Eduajion (
should be added.

w If a fracture segment was bonded but becomes open later, the constraints in E§tRtsivo(ld
be removed.

w If a fracture segment was bonded but transfers to a sliding state, we need to consider one condition:
in order to initiate stling of A and B against each other, the force in the direction of contacting
face"Oneeds to be larger than the shear streiigifhe shear strength may consist of frictional
force (satisfying Coul omb&Q@ .lThswriteodn fofshearmga on) a
bonded fracture segment in the direction along its contact face can be expressed as:

"0 Y 00 (e O (5.4)

wheree as the internal friction angle, which determines the threshold of transition from stick to shearing.

w If Equation §-4) is satisfied, the fracture segment is transferred from bonded to sliding state.
Comparing Equationss{2) and 6-3), we find that the anstraint in the direction normal to the
contacting face should be retained, while in the sliding direction, the constraint needs to be changed.

w If a fracture segment was in a sliding state, but becomes open, constraints in Ege&itismogld
be removedIf it becomes bonded, the constraints should be modified in the direction along the
fracture segment so that no relative shear displacement will occur.

With Equationg(5-1) through(5-4), we are able to descrilige three different contact states of a fracture
segment, dynamic changes of these contact states, and criteria that need to be satisfied for the changes of
the contact states

5.2.2.2 Geometric Representation

An important issue for the calculation of discrete fuaes ishow to simulate intersections of fractures
Figure 54 depicts a geometric representation of two fractures that intersect each other and one triangular
mathematical mesh. As we can see, the two intersecting fractures divide the triangle initiciant d

blocks (A, B, C, D). In this case, contact states satisfying constraints described by Eq&atiefs3)
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will be applied to the four pairs of parallel interfaces (interfaces between A and B, C and D, B and C, and
A and D) to account for the opig, bonded and sliding states of the surfaces of each fracture.

Figure 5-4. Geometric representation of an element divided by two intersecting fract

Fractures in open and bonded states or alterations between these two states are iradatetbecause

this case does not require a change of contact pairs. It is assumed that a fracture is approximated by two
surfaces that are parallel at the beginning, but these two surfaces cardaeatle@hafter deformation and

motion, or opened. Thizapability is included in the algorithm.

Figure 5-5. Geometric representation of open, bonded and sliding contact states for elements
by intersecting fractures.

It is a challenging problem to simulate shearing along fractures because slesa$ty dynamic changes

of contacts between different elements. As showhigire 55, when the four blocks A, B, C, D are in
contact (i.e., the fractures are completely bonded), the contact pairs are Aand B, B and C, C and D, and A
and D. However, whesliding (slip) occurs at one of the fractures, the contact pairs become A and B, B
and C, B and D, C and D, D and A. By using a rigorous contact algorithm that updates contact pairs at each
time step, sliding along fractures can be rigorously and ettpliepresented

5.2.2.3 NMM Calculation of Shearing Discontinuous Fractures
Updating Contact Pairs

As demonstratedh Section 5.2.2.2a fracture is approximated by two surfaces that are initially parallel.
After shearing, the contact pairs (i.e., where contacts occur exactly) will be updated. This may involve
changes of contact locations on the same contact elements or contact béteregn elements. The latter
results in changes between zero and reno values at the offiagonal elements of the calculating matrix

Enforcement of Contact Constraints

The distanceand displacementonstraintsfor bonded and sliding states are impgb&y using penalty
methods(Shi, 1992. The penalty method is based on the concept of constructing a penalty fi@tion
penalize the deviation from the displacement constraidt. The key to effectively using the penalty
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method is to choose a reasbleavalue for the penalty parameter. We assumed that a significantly stiff
spring applied to the deviation of a constraint associated with the displacements. Therefore, the stiffness of
the spring becomes the penalty paramgtéinimization of deviatiorof the displacement constraint can

be achieved by minimizing the potential energy associated with the work done by the penalty spring. The
potential energy generated by the penalty spring to enforce the constraint can be generally expressed as:

o -Ne 0 (5-5)
The second constraint, i . e. Coul ombdés | aw of foroi
energy:

"Q0D "0t o (5-6)

Note that (1) becaudgguation (56) includes a dot product, it requires the calculation of projecting shearing
force on the sliding face, and (2) on the two siofethe sliding face, the absolute shear displacements are
different due to sliding (as a relative displacement).

Iteration for Contact State Convergence

Within each time step, iterations may be carried out several times apdtpnated contact states may be
adjusted until the enforced contacts reach convergene@edijmamic process, contact pairs may change
continuously Hu and Rutqgvist, 202QbFor the same contact pair (a segment of fracture discretized by a
numerical mesh in NMM), the three possible states may change dynamically. Thus, for every iteration
within a time step, the global equilibrium equations are solved with the enforcement of contact constraints
from the preestimated contact states. At this point, domtactstates are revaluated to check for
consistency with the prestimated contact statel. they are consistent for every contact pair, the
calculation proceeds to the next time step. If they are not consistent, the contact states will be adjusted, and
the calculation is looped back to-selve the equilibrium equations until such consistefioy.,
convergence) is achieved

5.2.3 Simplified DFN Model i Proof of Concept

In this section, we present a stbg-step analysis of shearing of intersecting fractures. We first start with
investigating two intersecting fractures with different intersecting scenarios. Based on the results of
simulations of two intersecting fractures, we byesized that a network of discrete fractures may be
presented using a simplified model of one or a fe
one intersection satisfy certain conditiofs. test this hypothesis, we conducted a numbeinaulations
involving a different number of major path(s). We conducted most of the simulations by using both the
NMM and FLAC3D, which showed excellent agreement. In this section, we show the NMM results for all
the examples and selectively plotted doeparison with FLAC3D results using a few typical examples.

For all examples, we use the same domain size and mechanical boundary conditions: the bottom of the
domain is fixed, while a vertical loading of 10 MPa is applied on the top. On the left ahdaigidaries,
horizontal loadings of 5 MPa are applied

5.2.3.1 Shearing of Two Intersecting Fractures

Wef irst begin with three different scenarios of t
and 45A and TFR@es6,(top ©w)3IHe difference between the second and third scenarios

is that in the 2nd scenario the two intersecting fractures cut through each other, whereas in the 3rd scenario
only the tip of the T60A fracture int latetheshears wi t h
displacements of each fracture in each scenario and compared the results of shear displacement with an
analytical solutionRollard and Segall, 198 Awhere only the shearing of a single fracture is considered.
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The purpose of such comparisisrto show the impact of intersection of each single fracture by showing
the deviation of shear displacements from the analytical solution of a single fracture. The results are shown

in Figure 56 (bottom row).
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As can be seen from Figure65(bottom row, left), when two intersecting fractures ariended

symmetrically
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and T60A)
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cut
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and shearing of either fracture is prohibited at the intersection due to symmetry. As a result, the shear
displacement profile of each fractusebroken into two nearly symmetric salicles where the highest

shearing occurs in the middle part of each&abture. The slight asymmetry is because the vertical loading

is only applied from the top and the bottom boundary is fixed. Slightly adjustia of the fractures from

60° to 45° does not intrinsically change the distribution of shear displacement (Fguredsile column).

We still observe the same strfacture shearing behavior of both fractures, despite that there is no
symmetric distribtion of shear displacements between thefsattures. If the 45° fracture intersects with
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fracture with larger values in average. The 45° fracture shows a jump in the displacement adjacent to the
intersection whereas the other part of the 45° fracture remains almost undisturbed by th&éontersess,

the 3rd scenario provides a basis to further investigate this question: if two intersecting fractures do not
completely cut through, the intersection plays a minor role in the shearing of both fractures.
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We further simulated two scenarios obtimtersecting fractures with orientations of 45° and 60°, as shown

in Figure 57. In the first scenario, the two fractures cut through each other, and in the second scenario, the
45° fracture only intersects with the tip of the 60° fracture. We used\iddt¥ and FLAC3D to calculate

the shearing of these two scenarios. The meshes that were used in NMM and FLAC3D are shown in Figure
5-7.

45°, 60° 45°, 60°

NMM

FLAC3D l— I

Figure 5-7. Two scenarios of two intersecting fractures with orientations of 45° and 60°: NMN
mesh (top row), FLAC3D ®esh (bottom row).
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Figure 5-8. Shear displacements calculated by NMM and FLAC3D for the two scenarios o
intersecting fractures with orientations of 45° and 60° (geometry and meshes are shown in
Figure 57).

The results of the NMM and FLAC3D for these two scenariostawe/n in Figure . The two simulators

yielded consistent results for both fractures in both scenarios, which provides confidence for the
interpretation. For the first scenario, we see that either of the two fractures is no longer divided into two
subfractures. Instead, the two fractures exhibit similar shearing behavior as the single fractures. The
magnitude of shearing is much smaller than for both single 45° and 60° fractures. For the second scenario,
we see that the shearing of the 60° fracture aadader right extent of the 45° fracture both increased
because each of these two fractures functions as an extended fracture path for the other to slip along in
comparison to intact rock to break through in the case that is provided by the analytizal .sbicontrast,

shearing of the upper left part of the 45° fracture is surpassed, thus it is decreased from the case of the
analytical solution. In addition, the intersection at the 45° fracture causes a significant jump in shearing.

5.2.3.2 Simplifying Intersecting Factures with Major Path(s)

Based onhe simulation results obtained for different scenarios of two intersecting fractures, we have one
important question to ask:

Can we simplify the intersecting fractures with major path(s)?

Figure 59 lists nine possible scenarios of two intersecting fractures with fixed orientations in 2D, where
the two intersecting angles are denotgd and' . For these nine scenarios: (a) represents the two fractures
cutting through each other; (b) and (epresent the same intersecting condition with p { Taddf

p Y 1t(d)-(g) represent the same intersecting condition with p { Tedd? p Y tahd (h) and (i)
represent the same intersecting condition with p Q Taddf pyYyrd
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Figure 5-9. All the scenarios of two intersecting fractures in 2D.
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We developed the following hypothesis:
frt | pwI ormt | L T,thetwo intersecting fractures can be simplified as a major path.

This hypothesis can be valid if there ar@airs of two interscting fractures forming a discrete fracture
network (DFN), which satisfyt | pYTyY orm | LT m Q ¢.

In order to test this hypothesis, we conducted simulations for all the scenarios as shurei®10. In

all of these scenarios, we cpared the results of stress and displacement distributions of intersecting DFNs
(shown as blue lines) with those of hypothetical single major paths (shown as dashed yellow lines). The
intersecting DFNs include two, four and five intersecting fracturesdifiiérent intersecting angles.

Two intersecting fractures Four intersecting fractures Five intersecting fractures

\ \ \ (random)

AN

\

Smaller intersecting Larger intersecting Smaller intersecting Larger intersecting
angle angle angles angles

Figure 5-10. Intersecting fractures (blue lines) and hypothetical single major paths (yellow |



Spent Fuel Disposition in Crystalline Rocks
August 2023 63

sigx: -1E+07 -5E+06 0 SE+06

Figure 5-11.NMM calculated horizontal stress in domains involving a major path (top row) and
DFNs(middle row) with geometry shown in the bottom row (units are Pascals).

We compared the distributions of the stress tensors as well as displacements for domains that contain DFNs
against the results for domains that contain hypothetical single major jefiigure 511, we selectively

show the results of the horizontal stress comparison. As we can see, despite the differences within local
areas that are adjacent to the fracture tips and intersections, the intersecting DFNs do not exhibit intrinsic
discrgpancies in the stress distribution compared to the single major paths. Another interesting aspect that
we observed is that, when there are more and shorter intersecting fractures (e.g., five intersecting fractures
on the right), the intersections play @damportant role than that of two intersecting fractures. This is
perhaps due to the domain size effect. In summary, the simulations demonstrate that the hypothesis is valid
when there is a single major path that can be simplified from a number of étitegSeactures satisfying

the following conditionstt | p WL ormt | L T for every two intersecting fractures.

Additionally, we investigated whether there are several major paths (MP) that can be simplified from DFNs
that each subset of those satisfy | p Y1J orm | LT . Figure 512 shows the scenarios
involving two, four and six major path(s) that are hypothetically simplified from the DFNs and the geometry
of the domain. We also extracted points from two profiles of the second scenario (midihe)ctd
compare the results of the NMM and FLAC3D
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Figure 5-12. Geometry (top row) of intersecting fractures (blue lines)taybthetical single major
paths (yellow lines) and the simulation domain (bottom row).
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Figure 5-13. Comparison of displacement results between NMM and FLAC3D of (a) Profile
and (b) Profile 2.
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The comparison of calculated displacements between NMM and FLAC3D for both Profile 1 and Profile 2
of the scenario that involves four major paths are showiguare 513. As we can see, (a) the results of
NMM and FLAC3D are consistent, and (b) despiteldical deviation of displacements due to intersections

of intersecting short fractures, the overall distributions of displacements are consistent for the scenarios
involving DFNs and major paths.

We further compared the stress distribution in domainsctir@tin major paths (top row) and intersecting

DFNs (middle row), which are shown kigure 514. We see that the scenario that involves two major
paths (left) results in a more significant difference of stress between the major path(s) and the D&Ns due t
stress concentration in local areas near the intersections. With the increase of the major path(s) and DFNs,
less stress concentration is developed at the intersections. Instead, the stress is more concentrated at the
outer boundaries and corners. lalso interesting to note that, populating more fractures or major paths
near the center axes (from the middle column to the right colbigure 514) does not release the stress
concentration from the outer boundaries and corners under this specificgl@adidition and domain
dimension, so that both hypothetical major paths (top) and DFNs domains exhibit the same behavior. The
consistent distribution of stress for domains that contain major paths and for domains that contain DFNs
demonstrate that the hgihetical major paths can be used to approximate the DFNs even if they intersect.

sigx: -1E+07 -5E+06 0 5E+06

Figure 5-14.Calculated horizontal stress (urig in domains involving intersecting major
paths (top row) and intersecting DFNs (bottom row).
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5.2.4 Discussion

In this sedion, we present the results of numerical simulations of different scenarios of shearing of two
intersecting fractures, to test a hypothesis that single major paths may exist if the intersecting angles satisfy
certain conditions. In order to test this htfpesis, we conducted simulations for scenarios from one major
paths to six intersecting major paths and found that the displacements and stress distributions in the domains
are consistent for DFNs and major paths, despite local stress concentratiorspkaoeg aient jumps due to

local intersections of short fractures. We also observed that increasing the number of DFNs or major paths
in the center does not change the distribution fundamentally as the stress concentration primarily occurs at
the outer bound#es and corners for this specific loading conditions and dimension. We assume that further
increasing the number of DFNs (as showtrigure 515), the hypothetical major paths are still valid. If
increasing the number of DFNs with one more order beymmndght column oFigure 515, we may reach

a domain that can be assumed as an equivalent continuum model. Thus, using major paths to represent
complicated DFN® we name this as the simplified DFN appra&chrovides an efficient approach to

model the sharing and contact dynamics of fractures. This new simplified DFN approach can potentially
reduce the computational load significantly that DFN approaches suffer without compromising the accuracy
associated with capturing the stress concentration of ingiliftactures that may not be captured in
equivalent continuum approaches. As a result, we showed that the simplified DFN approach can be used to
fill the gap between the DFN and the equivalent continuum approach.

Figure 5-15.Increased number of DFNBI(e lines) and major paths (dashed yellow lines) in the
center area.

However, in all the proebf-concept numerical investigations, we assumed in advance the major path(s)
for each DFN scenario. These fa&sumed major path(s) may not be the optimizeddottes optimized

major paths represent the intersecting fractures thighleast deviation of results such as shearing and
normal displacements and streBs.obtain the optimized major path(s), we will need to compare different
major paths for evaluating their consistency in terms of displacement and stress with the DiNs. Wi
sufficient data and evaluation metrics, it will be promising to use machine learning to derive the optimized
major paths



Spent Fuel Disposition in Crystalline Rocks
August 2023 67

5.3 DECOVALEX -2023Task G

5.3.1 Work scope and team

DECOVALEX is an international research project comprising participants from industrgtrgnent and
academia, focusing on development and understanding of models and codes in complex coupled problems
in subsurface geological and engineering applications. DECOVAREX3 model comparison project runs

from 2019 to 2023. The theme of Task G&fety ImplicAtions of Fluid Flow, Shear, Thermal and Reaction
Processes within Crystalline Rock Fracture NETworks (SAFENERe focus of DECOVALEX-2023

TaskG is to analyze the results of the laboratory scale experiment, designed to linkspaitd®dHMC

effects acting on fracture surfaces and asperity contacts with emergent fracture properties such as
permeability. The experimental task concept with increasing complexity is:

w Mechanical results that are deriviedm constant normal load (CNldirect shear tests and
constant normal stiffness (CINBirect shear tests as well as higisolution fracture surface scans
(TUBAF);

w Thermatmechanical results that are obtained froraxial tests conducted HICT (Korea
Institute of Civil Engineeringind Building Technologywith focus on shear processes triggered
by thermal stresses;

w THMC andHMC results that are obtained with t8&REAT cell (University of Edinburgh) with
focus on fundamental shear processes under complex 3D stress states.

These expeéments will be conducted on typical granite samples withegisting wellcharacterized
discontinuities. The experiments are complementary, allowing for inclusion and exclusion of hydraulics,
permitting a clear separation of key processes. The expedmentk is focused on characterizing
displacements and permeability changes resulting from different thermal, mechanical and hydraulic loads
on the system. It is expected that research teams will apply and develop existing constitutive models for
fracture characterization, and hence improve fundamental physical understanding of these complex
processes as well as improving modeling predictive capabilities.

The scientific task concept is:

w To further increase our understanding of THMC processes in crystatichindurated rocks
introducing new experimental concepts and modeling approaches, in particular concerning TM
processes governing fluid flow through fracture networks under changing mechanical shear,
thermal and geochemical gradients induced by heat gfamgivaste emplacement;

w To derive better understanding of crystalline systems using uniquestalkti experimental data
combined with statef-the-art numerical modeling techniques and thereby improving
environmental safety assessment knowledge andatsgul

The novelty of the task is a combination of novel experimental and modeling approaches for THMC coupled
processes in brittle/crystalline rocks. The combined approach will further improve our understanding of
fracturing processes including fracturetworks. Moreover, the concept will allow for the transfer from
experimental lab to aim-situ scale:

w Unigue 3D stress control on fracture networks (GREAT cell);

w Thermal stress impact on peisting fracture surfaces (KICT lab);

« Combination of model cddir at i on and fAblindd prediction (for

data and longerm prediction for PA/SA impact evaluation.



Spent Fuel Disposition in Crystalline Rocks
68 August 2023

There are seven teams participating in this Task, namely DynaFrax from Germany using the Particle Flow
Code (PFC), LBNL using thdMM and FLAC3D, Korea Institute of Geoscience and Mineral Resources
(KIGAM) from Korea using 3DEC, a joint team by Quintessa, University of Edinburgh and Radioactive
Waste Management from United Kingdom using COMSOL, Institute of Rock and Soil Mecl@initsse
Academy of Sciences from China using CASRock, Canadian Nuclear Safety Commission (CNSC) from
Canada using COMSOL, Helmholtz Center for Environmental Research (UFZ) from Germany using a
finite-element based code called OpenGeoSys (OGS), Technisukerditat Bergakademie Freiberg
(TUBAF) from Germany using OpenGeoSys, Sandia National Laboratory using COMSOL, PFLOTRAN
and FRACMAN, and a new team joined in F¥2Rorea Atomic Energy Research Institute (KAERI) from
Korea using TOUGKBDEC.

5.3.2 LBNL Work fo r DECOVALEX 2023 Task G

Currently,investigations of thermal shearing have mainly been conducted using laboratory experiments.
Figure 516 shows one of these experiments where a cubic granite sample with a single fracture in its
diagonal Figure 517a) is subjected to an increase in temperature under mechanically constrained
conditions, thereby inducing thermal shearifgggre 517b) Sun et al., 2021 Such experiments offer
valuable insights into the physics of thermal shearing via measurements okfdispllacements, acoustic
emissions, stress changes, etc. However, such laboratory experiments candomsiimeing and hence
cannot be readily repeated to examine different granite samples with different-thechanical(TM)
properties, which is necgsry to assess the physics of thermal shearing. In addition, due to the difficulties
in controlling some of the aspects in laboratory experiments, it is challenging to provide predictive
understanding of thermal shearing if only using the experimentabapalone. For instance, the inability

to control the asperity distribution of tensdiplit fractures in laboratory tests hinders the evaluation of how
fracture geometry influences thermal shearing, which is a critical factor in understanding thisgafmmom

Numerical modeling is a valuable tool to provide such a predictive understanding of the physics of thermal
shearing. However, most numerical simulations up to date were performed by representing a fracture either
as 2D rough surfaces or 3D flat sagés. These simplifications may not capture the intrinsic behavior of
shearing of 3D natural fractures, which are rough, because asperities can play a major role in shearing.
Hence, it is necessary to employ a 3D rough fracture model to assess the gitihgional shearing.
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Figure 5-16. The experimental setup of thermal shearing of a single granite fraafteeSun et al.
(2021).
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(a) (b)

Figure 5-17. A granite sample with a single rough fracture (aBen et al. (2023: (a) the sample
with a tensilesplit rough fracture; (b) the sample during thermal shearing.

In this study, thermal shearing of a 3D rough fracture is numerically simutetedheresults are

compared against measurements from a laboratory expeligentt al., 2023in order to identify key
thermemechanical properties of the fracture and/or the host rock that control thermal shearing. FLAC3D
(Itasca Consulting Group, 20R0ves used to construct a 3D rough fracture model and to sinitgdtis!

coupled behavior during thermal shearing. Details of the numerical modeling as well as the results of the
simulation are provided in the following sections

5.3.2.1Modeling Fractures as Interfaces in FLAC3D

In orderto model the mechanical interactions between separate surfaces (such as fractures) within the model
domain, a methodology for modeling interfacial behaviors is necessary. FLAC3D can be used to simulate
the interfaces with its buiih contact modelgrigure5-18 shows a detailed contact model, which consists

of the normal (i.e.’Q, O, "Y) and tangential @, "Y "Y) components. Detailed descriptionf each
component are provided below.

target face
S S ks
| WA
M

S = slider

T, = tensile strength 7 b

S; = shear strength

D = dilation

k, = shear stiffness N

k, = normal stiffness "
P

Figure 5-18.Modeling of interface behavior in FLAC3Mtdsca Consulting Group, 20R0
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The tangential contact behavior is modeled with a linearsdping; the contact shear force is generated
when a node moves relative to the contacting surface in the tangential direction, as represented by the
following equation:

"0 Qwoed O (5-7)

where,"Qis the contact shear forc€ is the shear stiffness (i.e., stiffness of the shear spring)is the
relative displacement between the node and the surface,iaride representative contact area of the node.

This equation alsmdicates the maximum contact shear foi®e, , whi ch i s deter mi ned
friction law, as shown in the equation:
O Y YO O n 0 0% YO (5-8)

where"Yis the frictional (sliér) strength (in the units of force) is the shear strength, i.e., tangential
cohesion (in the unit of stress]) is the normal force applied on the contact surfgce, is the pore
pressure, anfbo is the friction angle between the nodwaurface materials.

Like the tangential contact behavior, the normal contact behavior is also modeled with a linear spring. The
contact normal force develops when a node is detected with penetration to a contact surface in the model,

and the magnitude @fhe normal force is linearly proportional to the penetration distance as shown in the
following equation:

"0 Q6 08 O Yo (5-9)

where'O is the contact normal forc&) is the normbstiffness (i.e., stiffness of the normal spring),is

the penetration distance, is the representative contact area. Note that compression is positive for the
contact normal force. The minimum normal for&@ ( ) is specified as the tensa&rength TY) multiplied

by the areasd(). The normal contact calculation also includes a dilation compo@nivhich is defined

as follows:

0O Q — o dE (5-10)

whereO is the shear force upon yielding before correction (i.e., predicted shear forcé@bovye
andr is the interface dilation angle. The term—————— indicates plastic shear displacement; it is

converted intglastic normal displacement by multiplying it with the tangent of the dilation angheg .
Finally, the product is converted into the normal force by multiplying it with the normal stifffess,

The shear and normal interface stiffnessecal@ilated as follows:

QN Q0 pudOOG—— (5-11)
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L <— [nterface

Figure 5-19. The smallest zone widtlo@t ) near the interface (ltasca Consulting Group, 2020

whereU and"Oare the bulk and shear mddof the interface materials, respectively. The values of the
stiffer side of the interface are generally used to avoid excessive penetration. The smallest zone width,
w , whose value is obtained after the mesh is created as the smallest ntbsht Wwid interfaces, is
defined as shown iRigure 519.

5.3.2.2TM Coupling in FLAC3D

The FLAC3D was used for both nonlinear continualiscontinuous mechanical analysis afdM

analysis Rutqgvist, 2020; Sasaki and Rutqvist, 2RDXere, we describe the relevaasults of simulations

of TM coupling. The TM coupling in FLAC3D starts from the evaluation of thermal strains as shown below:
P 1 YO (5-12)

where] _is the thermal strain rate tensor, is the linear thermal expansion coefficient, avig the rate

of temp_erature change. The thermal strain is then substituted into the constitutive model to update stresses
as shown in the following equation:

w, 0O,

howod i wo (5-13)

The thermal strain incremént o ds subtracted from the total strain increnfestdo calculate an elastic
strain increment, which is used to update stresses.

The thermalcalculations are performed independently from the mechanical calculations (i.e., there is
thermal (T) to mechanical (Mjoupling through the thermal strain as shown above, but thereisnoMto T
coupling), which is shown below:

Y N n (5-14)

where” is the density( is the specific heat capacity at constant volutae \fhich is the specific heat
capacity at constant pressure, can be used as well for most solids and liguidsthe volumetric heat
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flux per unit volume, ang is the surface heat flux per unit area provided through heat conduction, which

is governed by Fourieroés |l aw as shown bel ow:
nooo- Y (5-15)

where_ is the thermal conductivity
5.3.2.3FLAC3D Modeling of Thermal Slip of Fractures

Understanding of shear reactivation of -psésting discontinuities for brittle host rocks is an area of
considerable interest for radioactive waste disposal. In particular, the potential for existing features to
undergo shear displacements and relatechgd® in permeability as the result of coupled thermal,
mechanicalandhydrological effects can allavesignificant impacts on repository safety functions (e.g.,
creating permeable pathways or, for very large displacements, mechanical damage of wagéspack

Model Geometry and Material Properties

The 3Dfracture models created with FLAC3D are showrrigure 520. The model dimensions for the

flat fracture model are 10 cm by 10 cm by 10 cm with the fracture anglé,afld@reas those for tmeugh

fracture model are approximately 8 cm by 9.5 cm by 10 cm with the fracture angtdrofd e horizontal

plane. The model consists of the top and bottom wedges with the matching fracture interfaces, and the total
number of 0z on elento liheartstresstandistgin nigelelieraeats) was roughly 9,000 and
100,000 for the flat and rough fracture models, respectif@yire 521 shows the details of the fracture
interface, which is discretized with fine meshes in the case of the ragghré model, so that the asperities

of the tensilesplit granite fracture can be reproduced in the model. The constructed model was assigned
with theTM properties provided iable 51 and with the fracture mechanical properties providddbie

5-2. Mechanically, the rock wedges are assumed to be linear isotropic elastic without failure and the fracture
interface was modeled with linear normal and shear springs (i.e., constant normal and shear stiffnesses)
with the classic Coulomb friction failure cniten. It was assumed that the fracture has zero cohesion and
thus resists shearing only by frictidrwhich consists of two components: the intrinsic friction of the
geomaterials as well as the asperity distribution in the case of the rough fracture model.



Spent Fuel Disposition in Crystalline Rocks
August 2023 73

— L ._t0om

A

10 cm 8 cm

(a) (b)

Figure 5-20. The dimensions of the (a) flat and (b) rough fracture models

~ 9,000 elements ~ 100,000 elements

(a) (b)

Figure 5-21.Overview of the fracture interface of the (a) flat and (b) rough fracture models.
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Table 51. The TM properties of the host rock.

Host rock property Value
Bulk density (kg/m*) 2609
Young’s modulus (GPa) 55.09
Poisson’s ratio (-) 0.275

Linear thermal expansion coefficient (pe/K) 6.49
Thermal conductivity (W/(m*K)) 2.19

Specific heat (J/(kg*K)) 645

Table 52. The mechanicgbroperties of the fracture interface.

Fracture property Value
Normal stiffness (GPa/mm) 5.509
Shear stiffness (GPa/mm) 5.509
Cohesion (MPa) 0
Friction angle (°) 30
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Simulation Steps

The simulationsconsisted of two steps: temperature only simulations with the flat fracture model, and
mechanical only simulations with the rough fracture model. In the temperaturesionijation, the
temperature evolution measured during the experimguah (et al., 2021was used to validate the
temperature distribution calculated in FLAC3Bgure 522 shows the boundary conditions specified for

the temperature only simulation. At thep and bottom boundary, measured twvaeying temperature
evolution was directly specified, and on the lateral boundaries, convection boundary conditions were
specified. The heat transfer coefficient at the left and right boundary was assigned a hightravethat

for the front and back boundary, in order to match the experimental temperature evolution. Considering the
couplingbetweerthermal (T) and mechanical (Nyocesss is mostly ongvay in this case (i.e., T impacts

M), the temperature distribons that best matched the experimental data were then imported into the
mechanical only simulation with the rough fracture model to simulate thermal shearing. Note that this was
done to overcome the difficulty of conducting coupléd simulation with therough fracture model as
thermal flux across finelyneshed rough fracture interfaces caused convergence failure.

Top

Front & Back Convection boundary
h =15 W/(m?°C)
To = 25°C
Left & Right Convection (+ conduction)
boundary
h = 30 W/(m?°C)
Right Ty = 25°C

Top & Bottom Time-varying temperature

Back

Convection boundary: ¢ = h(T — T,)

Figure 5-22. The boundary conditions for the thermal only simulation with the flat fracture model
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The mechanical only simulation was then carried out in two stdgigsire 523): the initial equilibrium

stage and the thermal shearing stagehéninitial equilibrium stage, a lateral stress of 24.6 MPa and a
vertical stress of 3 MPa were applied on the lateral and top boundaries, respectively, whereas the bottom
boundary was prescribed with zero surface normal displacement (i.e., roller bocmuldition). The out

of-plane boundaries were not applied with any stress or displacement boundary conditions. After
equilibrium was achieved in this stage, the lateral stress boundary conditions were replaced with the roller
boundary conditions and the tparature distributions obtained in the temperature only simulation were
imported into the rough fracture model at€&fond intervals to induce thermal shearing along the fracture.
The thermal shearing stage was simulated for 6,000 seconds

o =3 MPa oy =3 MPa
! I ] ! ] ! ]
1
n <k
™ Tix, v, z, f)
oy = 24.6 MPa |- B
| |07 =246 MPa
L. ] ) "
LY Ay AY Ay
(a) (b)

Figure 5-23. The boundary conditiofor the mechanical only simulation with the rough fracture
model: (a) equilibrium stage; (b) shearing stage.

In the mechanical only simulation, the values of interface friction angle and the linear thermal expansion
coefficient were varied to assess their effect on the thermal shearing (i.e., paramgyjicAdto, two

model configuration cases were employed (Figu&tpas part of the parametric study: the mated and
unmated interface cases. In the mated fracture case, the matching fracture interfaces on the top and bottom
wedges were kept matched withckaother during the equilibrium stage and then the following thermal
shearing stage was implemented. In the unmated fracture case, on the other hand, the matching fracture
interfaces were displaced relative to each other along the fracture plane di@gstldny 2.83 mm and an

initial equilibrium was achieved in this unmated configuration. The thermal shearing was then
implemented. These two cases were simulated to assess the effect of mated and unmated fracture asperity
on thermal shearing.
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X
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(a) (b)

Figure 5-24. (a) Mated interface case; (b) unmated interface.case
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5.3.2.4 Results

Figure 525 shows the data readout locations in the flat fracture model for comparing the measured and
calculated temperature evolutions. The red points (T1 through T3) are located on the fracture interface,
while the green ones (S1 through S6) are onfittvet boundary surface. This helps validate that the

FLAC3D thermal calculations were done robustly by matching both the internal and surface temperatures.

“1 N [x(cm)|y(cm) |z (cm)]
T1 75 75 725
Internal _
data poinfs| 12 5.0 2.0 5.0
L T3 25 25 275
[ s2 5.0 0.0 1.0
s3 90 00 10
dS“trface. o S 90 00 50
alapoinsl g5 50 00 90
0o X S6 10 00 5.0

Figure 5-25. Data readout locations in the flat fracture model for the temperature validation.

Figure 5-26.Results of the temperature comparison: (a) internal data points; (b) surface data points.



