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Abstract

To better understand the role of groundwater-level changes onlopekeeformation and damage,
a carbonate rock slope (30sm30 mx 15 m) was extensively instrumented for mesoscale hydraulic
and mechanical measurements during water-level changeslofieeis naturally drained by a spring
that can be artificially closed or opened by a water gat¢hitnstudy, a 2-hour slope-dewatering
experiment was analyzed. Changes in fluid pressure and defammagire simultaneously monitored,
both at discontinuities and in the intact rock, using short-bgemsometers and pressure gauges as
well as tiltmeters fixed at the slope surface. Fieldadaere analyzed with different coupled
hydromechanical (HM) codes (ROCMAS, FLACand UDEC).

Field data indicate that in the faults, a 40 kPa pressuredalirs in 2 minutes and induces a 0.5 to
31 x 10°m normal closure. Pressure fall is slower in the bedding-pléastisg 120 minutes with no
normal deformation. No pressure change or deformation is obsirtbe intact rock. The slope
surface displays a complex tilt towards the interiorthef $slope, with magnitudes ranging from 0.6 to
15x 10°rad.

Close agreement with model for both slope surface and inter@@durements is obtained when a
high variability in slope-element properties is introducdd the models, with normal stiffnesses of
Kn faults= 10° x Kn_bedding-plane@Nd permeabilities ofykeauis= 10° x Kn_bedding-planesA NONlinear correlation
between hydraulic and mechanical discontinuity propertiesapoged and related to discontinuity
damage. A parametric study shows that 90% of slope deformatmmmde on HM effects in a few
highly permeable and highly deformable discontinuities located ibabal, saturated part of the slope
while the remaining 10% are related to elasto-plastitorg@tions in the low-permeability
discontinuities induced by complex stress/strain transfers tl@mhigh-permeability zones. The
periodicity and magnitude of free water-surface movements dduse 20% variations in those local
stress/strain accumulations related to the contrasting Hhavioer for high and low-permeable
elements of the slope. Finally, surface-tilt monitoring coupledth internal localized
pressure/deformation measurements appears to be a promisingdnfiet characterizing the HM
properties and behavior of a slope, and for detecting its progressiabiliizstion.
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1. Introduction

Understanding coupled groundwater and mechanical processes in comgiaxet-
porous rocks is essential for the safety and efficiency of sw@wsurdnd slope-stability
engineering, and thus for the security and economic well-being ofgé¢neral public.
Although poorly documented, water is often mentioned as a triggewotanism for failure
of rocks with well-developed pre-existing fractures networks, aod the cause for rock
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slides [1]. Sartori et al. [2] observed that “explosion-likeufal of rock slabs and sprays of
water under pressure” characterized the events precedingieRanda rockslide (22 x ®10
m°) in Switzerland. Similar observations have been made in othes itasdich events have
been triggered close to and above the main spring draining the azpntained in a slope.
Groundwater can also play a role in accelerating rock-slope nemtent-or example, Cappa
et al. [3] found clear correlations between periods of seasontdr vigiltration and
accelerations of the La Clapiére rock slide (60 % ) in the Southern French Alps. Such
observations indicate that groundwater flow and mechanical deformeatire intimately
coupled and cannot in general be analyzed independently of each other.

These coupled effects are especially prevalent in fractaed where the groundwater
flow concentrates along pre-existing discontinuities or along disuotiéis induced by
progressive failure occurring in the massif. Such coupled effegts heen studied primarily
through laboratory specimens on single fractures, and secondahby field, within the deep
saturated zone of large fractured rock masseg.[#sually, intact rock has relatively low
permeability. Numerous laboratory tests on single fractures shat fracture permeability is
quite sensitive to changes in fracture aperture, which in turn depertde state of stress
acting on the fracture {81]. Under normal stress loading, fracture permeability depends on
effective stress variation, as a function of the amount and spaigabution of void spaces
between the fracture surfaces [12]. A decrease in fracture undkr increasing stress leads
to a decrease in fracture permeability. Under shear stressethéiacture-slip permeability
first increases because of dilatancy. Then, gouge production likdchcture asperity
damage may induce a clogging of the void spaces and a lowefiregtire permeability [13,
14].

In fractured rock masses, within a complex fracture-network gegmhydromechanical
processes depend on the coupled effects within fractures and teauly and mechanical
connections with other fractures, as well as the orientation anditonadg of the effective
stress state [15, 16]. In addition, scale effects and samplstgritances indicate that
hydraulic and mechanical properties derived from a small-$gbdgatory sample might be
significantly different from that in the field [7,17,18]. Hydraukeell testing applied to
investigatein situ coupled hydromechanical effects in fractured rock31} showed that the
in situ behavior of a single fracture strongly depends on the hydromechia@eiavior of the
surrounding fractured rock mass. Experiments that carried outtairealis measurements at
different locations within amn situ fracture network [9, 22] showed that the time-dependent
response of the fracture network is being characterizeddejaged response, with a time lag
of a few minutes to a few hours at some points [22], and revergsdupe-deformation
variations that were linked to stress transfers effects toenpoint to another. For example,
pressure increased in some fractures located at a distance from amextz¢well, where an
induced pressure drawdown caused an effective stress varidaotingf a larger volume of
the reservoir [23].

The coupled hydromechanical behavior of fractured rock has beeamsieely studied in
rock mechanics over the past 30 years, in research programsnezhedth flow in fractures
at great depths, under high stresses, and with a relatively lsyaiafiulic aperture and high
stiffness [24]. Coupled processes in rock slopes or at shallow degthseldom studied
because those effects are difficult to quantify, are often tdhreensional, and involve highly
permeable fractured media under a very low stress state, wéuche modified at different
time scales with the development of slope destabilizatior2}25



The stability of a rock slope depends on the rockmass mechatrmadth and on the state
of stress inside and at the boundaries of the slope [28]. Slope strength dependsactutiee fr
network geometry, individual fracture strength, and intact rockgne The state of stress in
a slope is complex, with zones of low stress close to the mashdleipper part of the slope,
and zones of high stress at the toe and deep within the slope [29; B)lcommonly
acknowledged that tensile stresses develop from the middle topthad the slope and may
induce traction opening of existing fractures. Deeper within the slogeat the slope toe, all
principal stresses are compressive and may induce sliding a@aorés (depending on their
orientation). Assuming this initial highly heterogeneous statestisses inside a highly
discontinuous rock mass, failure may develop in a variety of mtiwtesigh a single fracture
plane (plane failure) to a combination of several discontinuities ctethéogether (step path
and step wedge failure). Moreover, failure occurs both along prergxdiscontinuities and
within rock bridges made of intact rock between the discontinuities.

Groundwater seasonal flow is one major trigger that goverrstdabdity of rock slopes [31,
32]. The hydrogeology of a rock slope depends on land surface tppggteydrogeological
properties, and the infiltration of rainfall and melting snow. Furtloee, winter ice can
prevent outflows and increase water pressures in the slope [33]n&anfined aquifer is
drained through seepage points located at the foot of the slope. Dependieghgdrblogic
conditions, the free water-surface elevation changes with beiag relatively high during
heavy precipitation periods and relatively low during dry peribdghe basal, saturated zone
of the slope, interstitial pressures)(Bct to reduce effective normal stress in discontinuities
[34-36]. Compressive effective normal stressgs-P;) press the opposing discontinuity walls
together and resist sliding motion along the discontinuity surfaleh can be induced by
shear stresses)(acting parallel to the discontinuity plane. A reduction in theatiffe normal
stress state leads to the normal opening of discontinuities, inducgayietion of the internal
shear strength of discontinuities or of the failure surface [3&gp in the slope and at the
slope toe, where principal stresses are all compressive, astitidkepressure increase can
then induce slip on favourably oriented discontinuities. In zones close to theesamthin the
upper part of the slope where tensile stresses develop, a trawtioced opening of
discontinuities can occur. In both locations, coupling between groundpedssure and
deformation is a major factor in slope elastic and inelastforebation. When slope
discontinuities are deformed, their hydraulic properties anil te#work connectivity are
modified. Dilatancy and crushing from asperities can occur, andhbusytirogeology of the
slope can change. Additionally, underground hydrochemical and erosiaewibkedtcur in the
slope [38-40]. Water can dissolve or transform minerals in the fillingsnoé sbiscontinuities,
and thus reduce the material strength of the slope. Highly conduttiweaths can be
generated, and increased particle erosion can take place fHde TWisturbancies induce
progressive damage of the slope that can evolve into catastroptie faien slope strength
is sufficiently lowered.

As a result of the importance of such hydromechanical (HMxtsffeve developed over
many years a field experiment dedicated to the study of #ifeses in fractured reservoirs, at
an intermediate scale between laboratory and massif stalesCoaraze Laboratory located
in southern France [42] is a mesoscale fractured carbonateaieg80 m x 30 m x 15 m)
with an unconfined aquifer drained by a natural spring. For our purposesprihg was
artificially closed to allow measurements, with a watee gatabling control of the reservoir
piezometric level (by opening or closing the gate). Moreoveservoir fractures were
extensively instrumented for fully coupled hydraulic and mechbhnegasurements during
piezometric level changes. It was shown thatitheitu hydromechanical behaviour of a



single fracture significantly depended on fracture intrinsidraulic and mechanical
properties (hydraulic aperture and normal stiffness), on the stffolethe surrounding intact
rock, and on the properties and geometry of the surrounding fracturerk¢20]. Therefore,
we developed a protocol of pulse-tests injections in fracturelinwiboreholes with
synchronous pressure-deformation measurements that proved to Entetiic estimating
both thein situ hydraulic permeability and mechanical stiffness of fractur€empared to
standard purely hydraulic approaches, this protocol showed that igncoogled
hydromechanical effects could lead to a 25% error in estipétcture hydraulic properties.
Order-of-magnitude contrasts 10 to 1000 in both hydraulic and mechanogedrties were
determined among the reservoir fractures, and it was shown teatdbetrasts controlled the
mesoscale hydromechanical behavior of the reservoir [22].

In this paper, the main process of interest is the Coarage deformation associated with
hydromechanical effects induced by free water-surface movenreritee basal fractured
aquifer (artificially controlled by opening/closing the watetejaSuch effects which involve
complex interactions among several families of large prdahegisliscontinuities have never
really been explored at the mesoscale. Our primary interéstastimate whether the high
local variability in fracture hydraulic and mechanical praipsr (estimated from previous
Coaraze studies) can be related to progressive mechanical damageaygeh®sl secondary
interest is to better understand how this local heterogeneityopégies could be related to
slope stability in response to free water-surface movement. In theXpddments studied in
this paper, free water-surface movements of up to 8 m were dedtioy closing and
reopening the water gate. Changes in fluid pressure and déformeere simultaneously
monitored within the various discontinuities and the intact rock, usingt-sase
extensometers, pressuremeters, and tiltmeters fixed atdpe sburface. Field data were
analyzed using different modeling techniques, based on finite-elefimetg-difference and
distinct-element models of the rock slope. The influence of sekeyaparameters on the
hydromechanical behavior of the fractured rock slope was then ewvhthadeigh a sensitivity
study, pointing toward an optimal method to characterize a rock skpe its
hydromechanical response to water level changes.

2. Coaraze Site and our Rock Slope Stability Test Setup.

The site of the Coaraze Laboratory has been well chawatteyeologically, geometrically,
hydrogeologically, and mechanically, during numerous previous stoaiged out at the site
(For more details, see [20,22,42-44]). The site corresponds to the lowesdé&ion of a 40°-
60° dipping slope comprised of a thick sequence of fractured limestaneg&ila and b).
The slope is cut by 12 parallel bedding-planes, with a 040° trend dipp?sdE, and two sets
of approximately orthogonal near-vertical faults, with 050°/070° trefioising 70° to 90°
NW and 120°/140° trends dipping 75° to 90° NE. There are 12 well-identifidis faith a
decametric continuity in the slope that form a fracture netwatk &5 to 2 m spacing
(Figure 1c). Discontinuities with a metric to below metric aumty correspond to minor
bedding-planes and fractures, located within5R0cm thick bands centered on the near-
vertical faults (Figure 1b). The mechanical properties of thek rmatrix, previously
determined from laboratory testing, indicated Young’'s modulus vahregng from 44.4 to
70 GPa and Poisson ratios of 0.29 to 0.34. Hydraulic and mechanicatdrpmbperties were
determinedin situ from 10 pulse tests. In each test, a single fracture vedatad with
inflatable packers set in a borehole perpendicular to the fractame.@Pressure and normal
deformation curves-versus-time were used to back-calculat®ltbwihg average hydraulic
permeabilities, K[20]: kn auts= 10 x Kn_bedding-planes 10’ X Kn_mawix= 10 m/s. The following



normal stiffnesses,,kwere also calculated;, kauits = 0.4 x Kn_pedding-planes 40 GPa/m. At the
single fracture scale, a 50% variation in permeability and stiffnesssvatag observed.

The slope topography is roughly oriented N-S and bounded to the wessraglla040°
trending valley and to the south by a 0140° trending fault scarp. ®pe sbntains a minor
aquifer naturally drained by a spring (average annual yield.@f2 ni/s) that discharges
downstream of the valley at a vertical impervious fault cdriiatiween permeable limestone
and impermeable glauconious marls. This fault serves as a ndamalfor water stored
upstream in the slope. The spring is artificially controllechwaitwater gate. When the gate is
completely closed, fluid pressures stabilize at about 8 m above thig-gate 1b).

Inside the slope’s basal aquifer, changes in fluid pressure andmadéfmm were
simultaneously monitored at single discontinuities and in the ro¢kixnasing short-base
extensometers and pressure gauges. At several so-calleddcpugdsure-strain points, two
sensors were installed (by two small borings, Figure 1d) sota® disturb the state of stress
inside the reservoir. Pressure measurements were carriedraytusbrating-wire interstitial
pressure sensor with an accuracy of 0.5 kPa. Strain measuremeatsowducted using a
0.15 m long RockTest-Telemac vibrating-wire extensometer, wittceuracy of 0.5um/m.

In this paper, we focus on four coupled pressure-strain pointst &l #ee cross section AB
perpendicular to the slope at different depths and on different slope elemguts (#):

e two faults were instrumented : Fault FO (point E11 in Figureahd)Fault F2 (points HM1,
HM2). Point E11, located at the shallow depth of 1 m, monitors theoghhifdromechanical
response of the faults at the slope toe. Points HM1 and HM2 monitoit Fa2
hydromechanical response at a depth of 5 m in the slope.

¢ 1 bedding-plane located at the slope toe was instrumented at a depth of 1.8 m (Point E8/P2)
The intact rock deformation and pressure was also monitored dbpeetse at points E12

and P1 at depths of 1.5 and 3 m, respectively.

Within the frame of this study, four short-base bi-directionaimgters, three Applied
Geomechanics sensors (755 series, having an accuragyad)land one Blum tiltmeter with
a 0.1urad accuracy were placed on the cross section AB (B3, B2, BlunBhmd Figures
la, b and e). Surface and internal measurements were synchroregistgred with a 2-
minute sampling-rate interval, using Gantner IDL101 and CampbellORRlata stations.
These stations were located very close to the sensors (a ésvsinand wrapped with
thermo-isolating materials, so that temperature effects on ctimgeables were negligible.
Experiments were performed at night between 11 p.m. and 5 a.m., wh&magerature
variations were less than 0.1°C, to assure that temperaturéorexihad minimal effect on
the tilt measurements.

3. Coaraze Slope HM Response: Experimental Results

Initial conditions corresponded to a closed water gate, sohthantire basal section of the
slope was fully saturated. The water gate was then openedvio-tzour period to induce a
free water-surface drawdown of 80 kPa. Then, the water gateclwaed again, and free
water-surface buildup followed a few hours afterwards.

When the water gate was opened, contrasting hydromechanical bekasiobserved, not
only among faults, bedding-planes, and intact rock, but also within e fsacture plane. In
vertical faults, the pressure fell to zero in less than 120 secandsan associated normal
closure of faults (Figure 2, points HM1, HM2 and E11, and negativardafion variation-



versus-time on graphs) was measured. Depending on the points, the defomegnitudes
were -0.5 to -um/m. Such differences in magnitudes were also observed at pmated on
the same fault and at the same depth (5 m), as for exavitpl&ault F2 (Figure 1a), where
points HM1 and HM2 (1 m distant from each other) showed deformat@gnitudes of -2
and -0.5um/m, respectively. In bedding-planes, the pressure drawdown Weasoa of 17
slower than in vertical faults (points E8/P2 in Figures la and 2)jtaadk 2,000 to 5,000
seconds to fall to zero at these points. Moreover, no normal deforma#s measured at
Point E8. In the intact rock, no pressure variation (P1 on Figurad®ho deformation (E12)
were measured.

The raw tilt observations at the slope surface were filtdmd temperature and earth-tide
effects. In Figure 2, only tilt in the direction of the crosstieacAB plane is presented.
Pressure drawdown effects were clearly seen on all tilteeteept for B1, where a complex
oscillating signal was recorded (Figure 2). Tilt magnituafe).5 to -8urad were measured.
Time variations of tilt, which are quite complex, can be schiealbt described by a fast
initial variation within the first 120-second period, followed bsl@wv variation from 2,000 to
more than 6,000 seconds long. The rapid initial tilt was corcelameclosure of faults that
occurred within the same time delay when there was a peedsawdown in the faults (e.qg.,
at points HM1 and HM2). The subsequent slow variation was not cleantglated to any
internal measurements.

4. Interpretation
4.1. Modeling objectives and protocol

The objectives of the modeling were: (1) to analyze presstioertiztion and tilt
measurements performed on the Coaraze slope, and (2) to perfoamaraetric study of
hydromechanical processes that can affect a fractured slopend&tm, using the Coaraze
slope geometry as a reference.

Two numerical modeling approaches were applied to simulate gAddesses in the
fractured rock slope. The first approach, the finite element aitd @ifference methods, used
the ROCMAS [45] and FLA& [46] codes. These codes were applied to investigate leakage
among rock matrix, bedding-planes, and faults, as well as to igatstthe associated
poroelastic effects of a free water-surface in the slope. imdependent codes were used to
improve confidence and quality in models results. Using thistimaum approach,
discontinuities cutting the entire slope (and instrumented) vegresented by 0.05 m thick
solid elements, while the other fractured zones of the slope nepresented as equivalent
anisotropic, continuous zones in which the degree of mechanical and hyanaisibtropy
was varied. Both codes were developed from Biot’s theory of consohdg4] and were
used in the fully coupled calculation mode. Changes in variation ofdantent are related to
changes in pore pressure, saturation, and mechanical volumeiric Biva fluid-mechanical
interactions were described: (1) changes in pore pressure acaasges in effective stress,
which affect the response of the solid; and (2) fluid in a zoaetsg¢o mechanical volume
changes by changing its pore pressure. Fluid transport is goveyn&drcy’'s law. This
approach allows a relatively high contrast in hydraulic and medlapioperties between
zones and a realistic representation of the slope saturation state.

The second approach used the distinct element code UDEC [46, 47]stoibee
hydromechanical effects in the discontinuities that cut throbghentire slope, mainly the



effects linked to the induced tangential displacements. In thsomtisuum approach,
conductive discontinuities are viewed as interfaces between imperdeizsmable blocks.
Fluid flow is calculated using the cubic law, based on the phnalhite model [48]. The
hydraulic aperture of the fracture is dependent on the mecharspaiment of the fracture
and on block deformation; conversely, fluid pressures in the fractueet afiechanical
behavior. This approach enables both tangential and normal displacements al
discontinuities better described than in the continuum approach.

In the numerical analyses conducted herein, discontinuities and themaitk were
considered to be linearly elastic. A 2D model was developed thasented Cross Section
AB (Figure 3), perpendicular to the local slope direction (Fgdb). Land-surface
topography was carefully represented, and several model gezsneére tested to determine
the points at which boundary effects were negligible. A 25 m xm2hodel was chosen,
about a factor of 1.5 larger than the instrumented slope. The sbressntration at the valley
base was calculated from large scale models in which botyvsilles were simulated. To
reproduce this symmetrical valley effect, we applied a cohsteess of 6.5 x £Pa on the
bottom two meters of the topographical left boundary. The refeaiof the topographical
surface was free to move.

Fixed X and fixed Z displacement conditions were imposed on the agtit basal
boundaries respectively. The fracture network was representea idifferent ways. In the
continuum analyses, the four subvertical faults FO, F1, F2, and F3, arfuleddaw-dipping
bedding-planes located in the basal part of the slope, were diedréiigure 3a). In the
discontinuum analysis with UDEC, all the bedding-planes and faelts discretized (Figure
3b). All model hydraulic boundaries were impervious. A 8 m thick fséljurated zone was
assumed at the basal part of the model, except in the lett cas&r, which was set as
impervious to represent the impervious glauconite layer. This mappgezometric level
introduced an overestimation of initial piezometry compared to &efeeriments of 0 to 3 m
in faults and of 2 to 5 m in bedding-planes and in intact rock matrix.

In the continuum models, discontinuities that extended over the entirevadopedivided
into segments of various lengths. These segments were definesups @ which hydraulic
and mechanical parameters could be varied (from one segmehe tother) within the
interval of values deduced fronm situ tests. Zones between discontinuities were also
identified as groups to be affected with equivalent properties. Etigp nabled us to
consider discontinuities of a metric continuity in matrix zonestémchetween the discretized
bedding-planes and the faults at the basal part of the slope, ahd dlscontinuities in the
middle and upper parts of the slope. Equivalent properties wereatsdimsing equations (1)
and (2) [7]:

1 _ 1 N 1 (1)
E E nxKk,

eq matrix

where E¢ is the compliant Young’'s modulu€marix IS the intact rock modulus that was
measured in the laboratory (Table d)s the fracture spacing per meter of faults ordueg
planes and,is the normal stiffness of faults and bedding-ptane

a3

:6><n

(2)
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wherekne is the equivalent hydraulic permeability aaib the fracture hydraulic aperture.

In the discontinuum model, similar properties wet&ibuted to all discontinuities that
extended through the entire slope, and only thérasting properties between bedding-planes
and faults were varied. Blocks between the disooities were assigned intact rock matrix
properties.

In each simulation with FLA®, ROCMAS, and UDEC, the model was first run to reach
steady state having a filled slope aquifer with Weder table at 8 m. After the steady-state
initial conditions were set, emptying of the slogguifer was simulated by decreasing the
fluid pressure to zero at the foot of the four faFO, F1, F2, and F3). Then, after 2 hours,
the fluid pressure was set again at the foot ohdaalt. How model size and boundary
conditions affected the HM numerical responses dcditinuities in the slope were
investigated. Larger models representing both siddabke valley introduce less than a 10%
variation in the results, which remains within #ezuracy of measurement.

4.2 Measurements I nter pretation

The three numerical approaches roughly showed #meesresults with a 5 to 10 %
difference between the two continuum models and & 25% difference between the
continuum and discontinuum models, depending onpihiets considered (Figure 4). In
Figure 4, results are grouped in the thick greyewhen differences between models remain
within the [0, 10%] interval. All models capturedserved pressure and deformation
variations in faults.

The discontinuum approach using the UDEC code stialifferent results for pressure at
bedding-plane P2, but no significant differencesdaformations. In the UDEC results,
pressure variation at P2 was very high in the fingtutes, but after that fell to almost zero
until the end of the simulated drawdown period. Tlaéulated curve shape was far from
those calculated with the continuum approach, aljhopressure variation was of the same
order of magnitude. Such a difference is attributedifferences in the flow calculation laws
between UDEC and the continuum codes. Using UDE€cubic law depends exclusively on
the fracture hydraulic aperture; no fracture steitgtis considered. In continuum approaches,
both permeability and storage of elements are densi, such that when pressure variations
are controlled mainly by hydraulic aperture (whishthe case for highly permeable vertical
faults), all models display the same result. Witthia low-permeable bedding-planes, pressure
variations are controlled by both permeability atdrage terms in the diffusivity equation,
and cannot be captured by UDEC simulations.

In all the models, surface tilts were approximatelstored. The best-fit curve was obtained
for B2 and B3 points located close to the saturgid of the slope. Tilt variations at Blum
and B1 points, located higher in the unsaturatet gdahe slope, were not well reproduced.
Blum tilt was underestimated by a factor of 2, &1dtilt oscillations were not reproduced. In
the discontinuum approach, calculated tilts showaations after the first minutes of the
imposed drawdown compared to continuum results revleslow tilt rate is observed until
7200 seconds. This slow tilt rate is related togllogv emptying of bedding-planes that is well
restituted in continuum calculations.

When pressure is instantaneously set to zero dottef the faults, a quick pressure fall to
zero occurred in faults FO, F2, and F3 (Figure Bagssure fall is slower in F1 because it is



1/10" as permeable as the other faults. Until 2,000 rs@lapsed, there was no significant
pressure variation in the rock matrix; pressureydmbgan to fall in the bedding-plane
segments connected to faults. After 2,000 seccalti$ault zones were completely emptied
and unsaturated (Figure 5b). At 7,200 secondsspredall propagated in bedding-planes and
in the matrix adjacent to discontinuities (Figurk).5In contrast to faults, all the low-
permeable zones remained saturated with watemgawily undergone a pressure drawdown.

Slope-displacement magnitudes decreased towardmtémgor of the slope and from the
basal, saturated part towards the upper, unsatupai (Figure 5¢ and d). The heterogeneous
displacement field was characterized by a supatfadne located between the land surface
and Fault F1, where displacement vectors rotateweh 0 to 40° to the interior of the slope.
Magnitudes in this region are 0.25 to 24.0° m. In a deep zone located below fault F1,
displacement vectors rotated to dip angles of H)host perpendicular to faults, and
displacement magnitudes lowered to values of @@BEx 10° m.

Within the initial 2,000 seconds, slope deformatwas controlled by fault closure under
fluid-pressure drawdown. Fault closure was gengradrmal, with relatively high magnitudes
in the saturated portion of the fault comparechtounsaturated portion. For example, in Fault
F2, normal closure at Point HM1 in the saturatedipoiis -1.5x 10° m.m* and -0.15« 10°
m.m* at Point HM3 in the unsaturated portion (Figure. 3&rmal closure of the fault was
accompanied by a 0.4 10° m.m* tangential extension in the lower saturated HM1 pér
the fault and by a -0.1% 10° m.m' tangential compression in the upper HM3 part.
Deformation magnitude depends on fault stiffnesd an the state-of-stress in the fault.
Indeed, high magnitudes of 12 x4 calculated at Point HF1 on Fault F1 (Figure\eje
related to a factor-of-10 lower fault normal stéfs compared to other faults (Table 1). Fault
FO, a factor of 10 stiffer than faults F2 and H8)wed a greater deformation (Figure 5c¢)—of
3 x 10°mat Point HFO, 2 10° mat Point HM1, and 1.5 10° mat Point HF3 m—because
of the very low state of stress on that fault. Faokrmal closure induced shear and normal
extension on segments of bedding-planes closeults favith magnitudes of 0.15 to 0.05 x
10° m at points E8 and E9 (Figure 5c). Deformation miagles within intact rock blocks
(Figure 5c¢) of 0.15 to 0.05 x £an were within the accuracy of the numerical madels

After 2,000 seconds, fault zones were completebaturated, and consequently, no coupled
hydromechanical effects occur in the faults. Sldprmation was controlled by normal and
tangential closure in bedding-planes, which weraindd because of their connection to
faults. A 0.2 to 0.6 x B m normal closure was observed respectively attPd® and E8
(Figure 5d). Bedding-plane closure induced a snmédict rock extension perpendicular to
bedding-planes and a compression parallel to bgdalemes with magnitudes of the same
order (0.05 to 0.1 x 1D m), which was within the accuracy of the numerioabdels.
Bedding-plane closure also induced a tangentialpcession of 0.1 to 0.15 x £an on faults
at points HM1, HF1 and HF3 (Figure 5d).

Slope surface tilt variation mostly occured betw8esnd 2,000 seconds, when the vertical
fault normal closure was linked to pressure drawdawfaults (Figure 5c¢). Tilt magnitudes
and rates were much higher close to the basaliasatupart of the slope than in the upper,
unsaturated part. Indeed, tilt is toward the va#ley varies from 4 to 0.2 10° radians from
the toe to the middle of the slope. In that zohe,lilock bounded by the land surface and by
Fault F1 indicated a much larger tilt than the rirder of the slope. Tilt variation at the slope
top remains within the accuracy of the models, nmgathat tilt variations measured at B1
certainly are not related to pressure variationthéaquifer, or that a local complexity needs
to be introduced in the model close to B1. Aftél0B, seconds, a tilt variation is observed at



the two points located in the middle of the slaedated to bedding-plane deformation (Figure
5d).

5. Influence of Discontinuity HM Properties and Responses on Slope M ovements
(FLAC® Sensitivity Study)

5.1 Influence of fractures with a decametric continuity

The effect of the fracture-network geometry on sléfM behavior was tested by comparing
the following numerical cases (Figure 6):
e Model I: A completely homogeneous slope with equewél hydraulic and mechanical
properties.
e Model II: A homogeneous slope with one vertical faggment corresponding to the basal
part of Fault F1. The fault segment has F1 HM priopgrand the continuous part of the slope
has equivalent properties.
e Model Ill: A homogeneous slope with vertical faultaving constant material properties
corresponding to Fault F2 properties at HM1 poirgtv&en the faults, continuous zones are
affected by properties equivalent to a discontirumedium with bedding-planes.

Model | did not reproduce the entire HM behavior bé tslope. Pressure drawdown
magnitudes and trends were severely underestinattedl points (Figure 6). The higher
variations were localized at Points P1 and P2, Wwtace closer to the unloading basal
boundary than HM1 and HM2. Consequently, a deformatias produced only at points ES8,
E1l1l, and E12, associated with pressure variatidhdrbasal part of the model. A very small
tilt variation of 0.7 to 0.2 x IBradians was observed from B3 up to Blum PointdiAgl a
single vertical fault with a metric continuity tbe foot of the model (Model 1l) increased
drainage of the slope close to this segment. Presand deformations were still not
reproduced. Extension was generated around theesggah Points E8 and E12. Adding the
three vertical faults with a decametric continuifyodel I1ll) restitutes pressure and
deformation variations in faults with a 5% discnepa Since bedding-planes are not figured,
pressure at Point P2 is not restituted and no wamias observed. There is compression at
Point E8, but the rate and the &.20° meter magnitude of the deformation display a major
50 to 70% discrepancy. Since there is no pressaniation at Point E8/P2, this deformation is
related to poroelastic closure of the faults. Fdtiation at Point B2 is increased by a factor of
1.8. The deformation of the blocks bounded by thét$ is more isotropic when there are no
bedding-planes incorporated into the model. Theltras that poroelastic closure of faults
being not accommodated through sliding along beggianes induces a higher global
rotation at the slope surface. This rotation isnlyaseen in the middle of the slope, the foot
being “blocked” by the stress imposed from the p#ige of the valley and the top being too
far from the zone in which the pressure changestalkace.

5.2 Material Properties

5.2.1 Hydraulic properties of slope elements (Figure 7).

The lowering of fault permeability by a factor d 10 100 induces a lowering of pressure
and deformation rates by a factor of 10 to 100auté (Figure 7, HM1). At the end of the 2-
hours experiment, formkauw/100, faults were not completely emptied, inducnictor of 0.3
lower magnitude in fault normal closure. Such sfawlt drainage also affects bedding-plane
drainage, such that it is somewhat delayed (Figure2). With the massif less emptied of
water, slope tilts displayed slower rates by adiaof 10 to 100 and lower magnitudes by a
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factor 0.5 to 0.8 (Figure 7, Blum, B2, and B3). §hinding shows that the rate of the surface
tilt curve is strongly related to the rate of thegsure variations in faults. An increase by a
factor of 10 in bedding-plane permeability indu@etbcal increase of 50% in bedding-plane
pressure rate and magnitude, and a complete ergptyibedding-planes (Figure 7, P2). It
had no influence on the local Bedding plane (E&) Bault (HM1) mechanical behaviours but
it induced a decrease of 55% in B2 tilt. This fimglishows that when bedding-planes are
completely emptied of water, a higher effectivemal stress applied on the planes increases
the planes’ shear strength and reduces tangemtairdation. Then, the blocks bounded by
the faults are stiffer, and the effect of fault @elastic closing on surface tilt is attenuated. A
decrease by a factor of 10 in bedding-plane peritiigaleduces pressure variation at P2
almost to zero but has no effect elsewhere in libyiges A matrix permeability increase by a
factor of 100 induced a 20 kPa pressure variatiothe matrix at Point P1 and a 20 kPa
pressure variation in bedding-planes at Point P2ad no impact on the local deformation of
matrix, bedding-planes and faults. It induced a S¥rease of tilt at Point B2. This effect is
similar to the one induced by a bedding-plane pabii¢y increase. Indeed, a partial
emptying of both bedding-planes and matrix indu@s increase in the maximum
compressive effective stress of blocks bounded duytd that are consequently stiffer,
resulting in a global tilt attenuation.

5.2.2 Mechanical properties of slope elements (Figure 8).

In our simulations, a change in the mechanical @mogs of elements had no effect on their
hydraulic properties (all pressure curves are #mesin Figure 8). A change in fault stiffness
by a factor of 10 induces a factor-of-7 change anltf deformation (Figure 8, HM1). A
decrease of fault stiffness by a factor of 10 medithe local behavior of the matrix (Figure
8, E12) from a compressive to an extensive defaamaChanges in fault stiffness induced a
general change in slope stiffness; a factor-of-1ddification in fault stiffness induced a
factor-of-10-to-15 modification in tilt magnitudegFigure 8, Blum, B2, and B3).
Modifications in bedding-plane stiffness mainly afféhe local behavior of bedding-planes
(Figure 8, EB8); a factor-of-10-and-100 lowering loédding-plane stiffness respectively
induced a factor-of-3-and-30 increase in beddiramel deformation. When bedding-plane
stiffness lowering exceeded a factor-of-10, tidjnsils were modified by a factor of 0.1 to 0.2
(Figure 8, Blum, B2, and B3). Reducing the matryxabfactor-of-5 was tested and it did not
affect the model.

5.3 Elastic to elasto-plastic constitutive laws (Figure 9).

Although the Coaraze experiment was performed stalae slope, the relevance of a purely
elastic mechanical analysis of fault and beddirapes deformations was tested by
comparison to an elasto-plastic analysis. Mohr-Qobldbehavior was invoked for slope
elements to explore how changing of state coulemi@lly lead to failure along the pre-
existing discontinuities of the slope, and how ealgplastic change could affect the global
behavior of the slope. Cohesion (c) and frictiorglan($) values were taken from the
literature, specifically ¢ = 10 kPa agpd= 30° for all discontinuities. Compared to theséla
calculation (Figure 9), the key differences appeare the bedding-plane (Figure 9, P2-ES8),
at tiltmeters (Figure 9, Blum, B2 and B3) and, abwaer magnitude, at faults (Figure 9,
HM1). A 2.5 x 16° m opening of the bedding-plane (E8) that occurethé first minutes of
the experiment was associated with pressure drawdlowertical faults. Local failure in the
bedding-planes induced an increase in bedding-ptereeability by a factor-of-10 that
explained the faster and higher pressure drawddvi#2 a&ompared to the elastic calculation.
An additional normal closure of faults by a factd##1.06 was observed at HM1. Additional
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irreversible tilts were observed at all points wrddues increased by factors-of-2.5, 2, and 1.2
respectively at points B2, Blum, and B3. This as&lyshows that the inelastic deformation
magnitude is high at bedding-planes, as a resudllidihg induced by normal closing of faults.
Damage related to this deformation explains thedimedplane permeability increase. The
plastic deformation observed at HM1 shows that stelaleformation also take place in faults
where it is moderate and localized close to thersgictions between faults and bedding-
planes and close to the slope surface. The additisinding that takes place mainly on
bedding-planes explains the additional inelastiotithe slope surface.

5.4 Effects of free water-surface movements (Figure 9).

During the two-hour drawdown, the rock mass wascoatpletely drained of water. Indeed,
while highly-permeable faults were completely emagtilow-permeable discontinuities and
matrix zones remained completely saturated wittewyand only a partial pressure drawdown
was observed (Figure 5b). Thus, depending on th&tida of the unloading period, the slope
would likely be more or less emptied of water, &mel HM behavior of the slope would be
different. Loading/unloading periodic effects wdssted by reducing the slope emptying
period to 0.5 hours. Then, a few loading/unloadiggles were carried out to simulate free
water-surface oscillations. Compared to the 2-heraptying period (best fit), the pressure-
drawdown magnitude was a factor-of-0.9 smalletim hedding-planes (Figure 9, Point P2),
and the pressure buildup was highly asymmetriccesithe pressure recovery was not
complete before the next imposed pressure drawddWwis. is directly linked to the high
contrast in permeability between faults and beddgilages, and also to the fact that faults act
as pressure boundaries for bedding-planes. Thigehigressure in bedding-planes induced a
small difference in the surface tilt at points B&l&Blum, located above the saturated zone of
the slope—a 0.3 x 10rad additional tilt for B2 and a 0.3 x ‘$0ad smaller tilt for Blum.
After three loading/unloading cycles with a 0.5-hperiod, an additional deformation of the
medium and upper parts of the slope clearly occycedhpared to the best fit) (Figure 9,
points B2 and Blum). This additional deformationredated to the fact that when pressure-
drawdown duration is short, the pressure decreabedding-planes is much smaller, while it
remains the same in faults. As a result, effeatigemal stress applied on the bedding-planes
is smaller and induces a lowering of bedding-plaglesar strength. Thus, bedding-plane
hydromechanical response to fault deformation iedugy short-duration water emptying is
of a higher magnitude compared to long durationewamptying that induces high-pressure
decreases and associated shear strength increasedaing-planes.

6. Discussion

This detailed analysis of the Coaraze slope exmgrimaises some general considerations
with respect to the hydromechanical properties lagtthvior of fractured rock slopes subject
to free-water surface oscillations (Figure 10 aad|& 2):

6.1 Sope HM properties: Characterization of discontinuity damage

The work presented in this paper represents anrappty to simultaneously correlate a
relatively large set of coupled pressure-defornmati@asurements with fracture properties at
different locations in the Coaraze slope. Pointsmeged from this study (Table 1) were
compared to values previously determined duringllzed hydromechanical pulse tests [20]
(Figure 10). Fault normal stiffnesses estimatetthi study vary considerably within the same
fault and between faults (Figure 10a). Valuesathain within a 10% discrepancy compared
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to previous estimations, of 0.8 to 1x610° Pa/m (point F1 compared to previous values at
points 1 and 3, Figure 10a), and 22 tox500° Pa/m (F2-HM1, F2-HM2 and F3 compared to
previous values at points 4 and 5, Figure 10a).dBedplane normal stiffness is very high,
with values ranging from 200 to 66010° Pa/m. In the continuum analyses, the best fit value
of 600x 10° Pa/m (Figure 10a, BP(FLA®)) appears much larger than in the discontinuum
analyses (Figure 10a, BP(UDEC)), and it does ndtimpreviously estimated values (points
8 and 9, Figure 10a). Nevertheless, the sensitstitgdy conducted in this paper (see Chapter
5.2.2 and Figure 8) showed that lowering this vdlyea factor less than 10 did not affect
slope behaviour, indicating that the BP (FLRvalue is certainly overestimated.

Variation in hydraulic permeabilities was also véagge, with values of 19to 10 m? for
faults and values of 18 to 10" m? for bedding-planes. All values remained within G¥&
discrepancy compared to previous estimations. @udlscrepancy can be explained by the
major difference in the experimental protocols use@stimate the permeabilities. Previous
values were estimated from pulse-test experimdrds restitute a local estimation of the
tested fracture. Values estimated in this paperecdrom the analysis of a slope-scale
pressure experiment and certainly correspond taciure-scale average value.

Figure 10a displays a highly nonlinear correlatietween the permeability and the normal
stiffness of discontinuities (Figure 10a). This retation is explained both by the large
properties contrasts between the faults and beddanges, and by the large variability of
properties within a given type of fractures. Sitlvere are several parameters that describe the
hydraulic permeability of a fracture (hydraulic apee, roughness, and tortuosity; see [48]), it
is hard to give a simple explanation for the highnpeability of a fracture. In the very special
case of shallow discontinuities in slopes, it ismoamonly observed that discontinuities that are
almost parallel to the slope direction and dip ¢tdy the case of vertical faults at Coaraze)
are in general widely opened [49-50]. We can asdinatetheir tortuosity is quite low and that
their roughness is small compared to their aperttiseewhere, it has been observed that there
are a small number of centimetric contacts betwtbentwo walls of those discontinuities
[51], as a result of the progressive failure ofsea@ontacts due to slope decompression. The
small number of contacts could explain the reldyil@w stiffness of discontinuities, which in
turn are likely to display a large hydraulic apegtand a small stiffness. Such a mechanism
could explain the property variation from Pointo31t on Fault F1, a factor-of-10 lowering of
the normal stiffness and a factor-of-20 increasthefpermeability respectively, and between
Points 4, 5 to 2 on fault F2, a factor-of-2.4 loimgrof the normal stiffness and a factor-of-
100 increase in the permeability (Figure 10a). Bolnand 2 are located on shallow segments
of the faults and are more disturbed than poin# &)d 5, which are located deeper (Figure
10b). On the other hand, bedding-planes which legktly affected by decompression effects
and subjected to higher compressive stresses, ynamtause of their inward dipping
orientation, are more closed than faults. In ttase¢c with more contacts between the two
walls of the discontinuity (emphasized by the ocenice of marly fillings), bedding-planes
would display higher normal stiffnesses and lowerngeabilities. Nevertheless, there is a
high variability in bedding-planes properties cepending to bedding-plane damage
characterized by permeability increase of two arddrmagnitude and a decrease of normal
stiffness of a factor-of-3, from points 9 and &dted at 5m and 2 m depths, respectively, to
points 7 and 6, located at 0.5 and 1 m depthseotisely (Figures 10a and b).

To our knowledge, such a correlation between hyaraand mechanical properties of

fractures has never been establisheditu. First, it enables a reduction in the number of
parameter values feeding into the coupled HM modabkidering the variation of fractured
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rock permeability with induced damage. Second,aarty appears that slope damage can
induce order-of-magnitudes variations in discontinproperties within the first few meters
of a slope: a lowering by a factor-of-2-10 of notrstiffnesses and an increase of a factor of
20 to 100 of permeabilities.

6.2 Free water-surface movement effects on slope deformation

Deformations that take place in the slope’s bagaifar affect the entire slope (Figure 10b).
In the zone of free water-surface oscillations, tieemal closure of discontinuity segments
that are emptied of water, and deformation magesudecrease from the land surface to the
inside of the slope. The stress concentrationeatdk of the slope emphasizes the closing of
the discontinuities that are emptied of water. Beffiects add a global rotational component
to slope movements that are accommodated throughngsl along low permeable
discontinuities that remain saturated with watea #uid pressure close to initial. When there
is an increase in interstitial pressure, therdaba slope swelling; when there is a decrease in
interstitial pressure, there is global slope saggin

We can expect that the extension of the slope iakedved in the HM induced rotational
movement for the most part depends on the perigdshape, and magnitude of oscillations.
Because of the coupling of pressure and deformatlon pressure magnitude will directly
influence the deformation magnitude. Periodicity isme-dependent parameter related to the
hydraulic permeability of slope elements. In thesecaf a heterogeneous and disturbed
fractured slope, a wide range of permeabilitied imdluce a wide range of pressure signals
within slope elements, linked to the periodicitytbé oscillations. Short period oscillations,
like those induced by daily infiltrations and ddi&l drainage/injection actions, will
exclusively affect pressures in the highly-permeablements of the slope. Long-period
oscillations, like those linked to seasonal climbitetuations, will affect a wider range of
slope elements, and even the low-permeable patteaope will be affected.

We demonstrate in this paper that, depending osdheation and pressure states in the low
permeability zones, the slope deformation magnitudder the same free water-surface
movement could vary 10 to 20%. Short and long-pkoscillations are superimposed on one
another in nature, and the HM effects on a heteremes) fractured slope resulting from these
oscillations can induce elastic hysteretic eff¢atsd in some cases permanent plastic effects).
These effects cause increased strain and damage-txisting discontinuities in some areas
of the slope (like the low permeable fractured Z)nand sometimes local failure.

6.3 Identification of the main features responsible for fractured porous slope stability

In the Coaraze case, slope movement is linkedeal#formation of two or three vertical
faults. Nevertheless, despite the high variabihtits elements properties, the global behavior
of the slope can be restored, given the slope’splffied structure to a few fractures
embedded in a continuous rock matrix. Specificadlgsigning equivalent properties to the
continuous zones between the selected disconesuitboes not greatly improve the model,
because more than 90% of slope movement is linketbtormations in the selected fracture
planes, which must remain as explicit elementhérhodel geometry. This means that in a
given complex slope geometry, made of a large nurabenultiscale fractures with various
directional families, only a few high permeable dmnigh deformable fractures are important
elements for understanding slope HM response.

Consequently, accurate characterization of slo@bilgy requires construction of a
relatively complex model, in which geometric, hyare, and mechanical properties of the
discontinuities with a large continuity must be efally determined. For example, in the
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Coaraze case, introducing the bedding-planes imoslope geometrical model is likely
required to explain the remaining 10% of slope nmosets related to deformation along
bedding-planes, where the main part of slope dano&gears through sliding, induced by
stress transfers from the vertical faults.

7. Conclusions and Discussions

Combining surface tilt measurements with localized internal leduppressure/deformation
measurements appears to be edfective method for characterizing damage and toang
fractured-porous slope stability. Given a slopengetry that can be characterized with other
methods, such as geological mapping and geophysieging, tiltmeter monitoring of slope
surface movements allows us to localize the higlefjiprmable and permeable discontinuities
that cause slope movements. Indeed, as in the afaseonitoring fluid displacements in
ground reservoir production, tiltmeters appear bdgpaf identifying or tracking the fast
emptying of highly deformable discontinuities in @&lope. Internal coupled
pressure/deformation measurements enable us toatstihe hydromechanical properties of
the discontinuities and to calibrate the analydidilometer signals with a fully coupled
hydromechanical numerical model.

Furthermore, change in the tilt signal over timeldde a good indication of change in the
slope HM properties linked to progressive failuregagation. Indeed, when Mohr-Coulomb
material behavior is introduced into the modelfae tilt clearly appears to be sensitive to
failure located along short segments of the disnaiites. Thus, permanent monitoring of
infinitesimal land-surface rotations might be a daeay to follow progressive damage of the
slope, long before any large failure occurs. It ldoalso lead to a more complete
characterization of slope deformation tensor simzenly translational slope displacements
and deformations are currently monitored througmate sensing or EDM methods, and
through inclinometers used to monitor failure scefavolution in deep boreholes.

This proposed method—based on combining surfatem@dasurements with localized
internal coupled pressure/deformation measurememises some questions. The first
guestion is how many tiltmeters need to be inslatia the slope to capture representative
slope deformation behavior? Setting tiltmeters lo@ $lope is a very simple and low-cost
procedure, because these devices can easily bednfrove point to point to investigate very
large slopes. In our experience, an array of Stbidlirectional tiltmeters would be necessary
to adequately characterize a complex slope of hestitic dimensions. Loading tests can
involve an artificial air- or water-injection teperformed in a borehole located in the basal,
saturated part of the slope. The next questionhigt\are the 3D effects in slope deformation
processes? Those effects were observed in sloadilthey almost certainly influence slope
stability, and they have to be studied through 3@lets in those parts of the slope were they
are predominant. The last question is that onlymadrstiffness was currently correlated to
fractures permeability. What about the shear &#§? Indeed, in our analyses, shear stiffness
was estimated to be one tenth of the normal s&ffrimit the devices did not allow measuring
shear displacements. Since most of the damage dedding-planes could be related to
sliding along those planes, there is an urgent rieenprove this approach through the
development ofn situ measurements of both normal and shear displacenoértactures
walls.
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Figure captions:

Figure 1: Coaraze Laboratory site: (a) three-dinwerad view of large-continuity fractures
with the location of tiltmeters; (b) vertical crosections with a schematic image of slope
fracturation and the location of sensors; (c) ites showing brittle faults and bedding-plane
orientations (lower hemisphere); (d) coupled pressieformation measuring point; (e)
surface tiltmeter.

Figure 2: Pressure (left axis) and deformationhfrigxis) variations with time measured at
different locations in faults, bedding-planes, roc#trix, and at land surface.

Figure 3: Numerical continuum (ROCMAS, FLAQ and discontinuum (UDEC) models
geometries.

Figure 4: Comparison between measured and caldufatssure, deformation and tilt; 1 —
experimental data; 2 — undifferentiated models;\B3EC; 4 - ROCMAS; 5 — FLAC3D.

Figure 5: Modeled pressures (a — pressure at 2,08@hds, b — pressure at 7,200 seconds)
and displacement fields (c— displacements at 2 $8fbnds, d - displacements at 7,200
seconds).

Figure 6: Influence of fractures with a decametoatinuity on slope movements.

Figure 7: Sensitivity study of how the hydraulioperties of slope elements affect slope HM
behavior.

Figure 8: Sensitivity study of how the mechanigadperties of slope elements affect slope
HM behavior.

Figure 9: Sensitivity study of loading/unloadingipdicity and of constitutive laws for slope
HM behavior.

Figure 10: Synthesis of HM effects in a fracturedkreslope: (a) correlation between
hydraulic permeability and normal stiffness of @ogiscontinuities; (b) localization of
damage in the slope related to slope geometry mpiadement field induced by a water level
movement.

Table 1: Material properties affected in the bdssifnulations

Table 2: Synthesis of sensitivity study results
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Material Parameter Value
Young’s modulus, k(GPa) 68

Impervious basal layer Poisson’s ratioy (-) 0.29
Mass densityp (kg/nT) 2400
Young’'s modulus, E(GPa) 68
Poisson’s ratioy (-) 0.29

“intact rock” matrix Mass densityp (kg/nT) 2400
Porosity, n (-) 0.02 to 0.05
Permeablity, K (nf) 9.8x 10"/
Young’'s modulus, E(GPa) 50

o . . Poisson’s ratioy (-) 0.29

pl\)/lrigg(rt\%? mechanical equivalent Mass _densityp (kg/n) 2400
Porosity, n (-) 0.05
Permeablity, K (n) 9.8x 107

Faults

Normal stiffness, k(GPa/m)

Shear stiffness,sKGPa/m)

Hydraulic conductivity (rf)

0.8 to 1.6 (F1),
22 to 50 (F2,F0), 22
(F3)

0.08 t0 0.16 (F1), 2.2 to
5 (F2), 2.2 (F3)

4.9x 10° (F1,F0), 9.8
x 10° (F2), 9.8x 10°
(F3)

Bedding-planes

Normal stiffness, k(GPa/m)
Shear stiffness,sKGPa/m)
Hydraulic conductivity (rf)

200 to 600
120
9.8x 10

Table 1
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Tested parameters

Effects on slope deformation
Compared to best fit slope results

Slope heterogeneity

Model 1 :
Homogeneous slope

Strong under-estimation of pressure anc
deformation variations

Model Il : Slope with
only one short segmen
of fault F1

Local concentration of drainage and
tdeformation on the fault segment
General under-estimation of slope HM
behavior

Model Il : Slope with
3 vertical faults

10% underestimation of general behavig
as best fit slope model with all the
elements Figured.

Local HM behavior of elements, mainly
bedding-planes is modified

Material properties

Fault permeability

Complete modification of genexatl
local slope HM behaviors

Fault stiffness

Complete modification of general an
local slope HM behaviors

Bedding-plane
permeability

Local modification of pressure variation
in bedding-planes and 10% modificatior
of tilt in the middle part of the slope

Bedding-plane stiffnes

o

)

Local modification of def@tion
variation in bedding-planes and 10%
modification of tilt in the middle part of
the slope

Matrix permeability

Pressure variation in matrix Inat effect
on HM slope behavior

Matrix stiffness

No effect in the range of valuestéel

Constitutive laws

Elastic behavior

Predominant effect of low stiftilfs
(90% of slope movements explained)

Mohr-Coulomb
behavior

Shear in bedding-planes influence fault
and general slope deformation

Free water-aurface
movements

Periodic

Pressure and strain accumulation in loy
permeable bedding-planes induces an

additional general slope deformation

Table 2
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