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Abstract

The possible characterization of the heterogeneity of fieztare field in rough frac-
tures by electrical impedance measurement is demonstrataagh displacement ex-
periments using two miscible fluids offt#rent electrical resistivity. Two model frac-
tures have been used: their complementary rough walls argiéal but have dierent
relative shear displacements creating “channel” or ‘leatstructures in the void space,
respectively parallel or perpendicular to the mean flow G/IQPUJ In the (“channel”)
geometry, the global electrical resistance displays dialtinear variation followed by

a “tail” part reflecting the contrast between slow and fast/ftdvannels. In the (“bar-
rier”) geometry, the existence of a change in the slope batvteo linear zones sug-
gests the appearance of domains dfedtent permeabilities along the fracture. These
variations are well reproduced theoretically and numdyiether by assuming inde-
pendent flow channels parallellﬂ)(channel case) or an aperture that varies only along
the flow (barrier case). For each configuration, we presepeaific inversion proce-
dure that allows one to extract the key features of the hgéareity from the resistance
variation.
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1. Introduction

Many important industrial processes such as nuclear or idawaste storage
or water management involve fractured media (NAS, 1996gehéeks et al., 1982;
Neretnieks, 2002). While the characteristics of fractie®vorks is an important ques-
tion, modelling them requires a good knowledge of theirvidlial elements. Single
fractures have often been represented as the space betwepartllel-plate surfaces:
however, numerous studies revealed that their flow andgmngroperties are strongly
influenced by the roughness of the walls and the spatial ti@n®of their local aper-
ture (Oron and Berkowitz, 1998; Keller et al., 1999; Meheaursi Schmittbuhl, 2000;
Matsuki et al., 2006; Watanabe et al., 2008; Nemoto et ab920The determination
of the geometrical and transport properties of individuatfures is therefore a key
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issue in view of practical applications: their heteroggneiay, for instance, lead to
the apperance of channelinfiects.

Even though elaborate laboratory techniques have beerogeeeto characterize
the heterogeneity of porous media, few methods allow onénéwacterize in-situ a
single fracture. In the present paper, we demonstrate impstally at the lab scale
that electrical impedance measurements may provide sdchriation while being
adaptable to field configurations.

In a pioneering work, Brown (Brown, 1989) showed that thekieal impedance
of a fracture saturated by a conducting fluid depends on thenggical organization
of the void space. The electrical aperture of fractures Wilbtal wall surfaces was
shown to be lower than that for parallel plane walls of comap# size and distance:
this results from the increased tortuosity of the iso pagitihes.

Atthe scale of a fracture network, Odling et al. (2007) destiated that impedance
measurements may be used to determine fifeet/e dispersion cdicient of a small
network of fractures created in a granite plug. After satngacompletely the sample
by a fluid of known conductivity, they injected a second flufdidferent conductivity
and measured the variations of the impedance of the frag&iveork with time during
the displacement. The longitudinal dispersionficgnt and the hydrodynamic retar-
dation codicient were then derived from these variations: their valwese shown
to depend both on the connectivity of the network and on tlatiapdistribution and
density of the fractures.

Our objective is here to apply a similar measurement metbaihgle rough frac-
tures. In this latter case, previous studies performed bgnmef other experimental
techniques have demonstrated that tracer dispersiongsljadetermined by the spa-
tial organization of the free space between the fracturéswhleretnieks et al. (1982)
analyzed the motion and spreading of a tracer carried byaffaw inside a single nat-
ural fissure in a granitic sample: they observed a non Ficltigpersion even for non
sorbing tracers. This behavior was accounted for by prefidehannelling within the
fracture plane. Bauget and Fourar (2008) investigatedrarpatally the diferent case
of model fractures with heterogeneities stratified in threetion perpendicular to the
mean flow.

A relative shear displacement of the fracture walls wasngéound to be one of
the mechanisms leading to the localization of the flow ingmefitial paths, particularly
for complementary rough walls with a selfiae geometry (Yeo et al., 1998; Auradou
et al., 2005; Nemoto et al., 2009). In this latter case, thanmefective hydraulic
aperture depends on the relative orientation of the flow hadhear: it increases for
a flow perpendicular to the shear and decreases when it ilgbdoait. A statistical
analysis of the aperture field demonstrated that theseré=atwe due to structural het-
erogeneities preferentially perpendicular to the sheea. ffacture of similar geometry
saturated by a stagnant conducting solution, electricalsunements in a radial current
configuration demonstrated a variation of the electricsistance with the orientation
of the relative displacement (Plouraboue et al., 2000).

More recently, Boschan et al. (2009) used a light transmischnique and trans-
parent rough fracture models to measure dispersion for fitvereparallel or normal
to the shear. The features of the dispersion process araliféggent in the two cases.
When flow is normal to the structures created by the sheaFith@an description is
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valid and tracer spreading is characterized by a singleedigpn coéicient: this case

is referred to in the following as the “barrier” geometry. @¢hflow is parallel to the

structures induced by the shear, these act as preferehéinhels, leading to the ap-
pearance of fingers and to a non Fickian dispersion: thiswdlsiee referred to as the

“channel” geometry.

In the present study, the same transparent models as inghie ps work of Boschan
et al. (2009) are used to monitor the variations of the glebsdtrical impedance of the
fracture during displacement experiments using salimets This allows one to de-
termine relative concentration maps from the light trarssioin images simultaneously
with the electrical measurements. Also, the aperture fietlis fracture may be deter-
mined by comparing images corresponding to a full satundiipothe two pure fluids.

After describing the fracture models and the experimentat@dure, electrical re-
sistance measurements performed during displacemenftertedit Péclet numbers in
the “channel” and “barrier” geometries are reported. Wewhs qualitatively these
observations, and then compare with quantitative thezaigpiredictions in the simple
case of parallel plates; then, twdldirent simple descriptions of the void space for the
“channel” and “barrier” geometries are presented. Theyical and numerical pre-
dictions in these two configurations are significantlffetient and are compared to the
corresponding experimental results. Finally, the ina@rsif the resistance data in or-
der to estimate the aperture distributions is discussdferdint approaches are needed
for the barrier and channel geometries.

2. Experimental setup and procedure

The realization of the transparent rough fracture modedsthe optical technique
for performing dispersion measurements are described taild®y Boschan et al.
(2009).

2.1. Fracture models

The roughness of the fracture walls is obtained by carvirgxiglas blocks by
means of a computer controlled milling machine from a séifia surface map (1360
360 points): the corresponding value of Hurst’'s exponeytis 0.8 like for a broad
range of materials (see Poon et al. (1992); Bouchaud (20089 length of the mod-
els isL = 350 mm and their widthv = 90 mm (the length_ is parallel to the mean
flow which corresponds to the axi§y. The geometries of the two walls are com-
plementary; they match perfectly when brought in contad are identical for the
two experimental. A normal displacement (equal to the megzertare) is then in-
troduced from this contact position together with a relashear displacemeﬁtof
magnitude{g' = 0.75 mm, parallel to the length for one of the models and per-
pendicular for the other. In both cases, the mean value dbtted aperturea(x, y) is
< a(x,y) >xy= 0.75mm and its standard deviatior = 0.14 mm.

Grey level maps of these aperture fields are displayed in Eigsd 2. As can
be observed, the shear displaceméimtroduces “heterogeneity structures” always
normal toé (i.e. to y in the first case and tain the second): the correlation length of
the aperture is larger parallel than perpendicular to them.
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Figure 1: Top right: grey level map of the numerical aperfigll in the “barrier geometry”: white: 1 mm,
black= 0.5mm. Map size: 1360 by 360 pixels. Bottom: profile of the ager@(x) =< a(x,y) >y of the
aperture over the widttv of the model; left: profile of the averaggy) =< a(x, y) >x over the length..

When the structures are normal to the mean fliogv {o x they may act as barriers
(Fig.2): one refers therefore to this case as the “barriedhgetry. Then, the average
a(x) =< a(x,y) >y of the aperture in thg direction (bottom curve in Fig. 2) displays
large variations withx; in contrast, the variations afy) =< a(x, y) >x with y are much
smaller (curve at the left).

1 a(y) (mm) 0.57

=
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Figure 2: Top right - Grey level map of the numerical apertuaréhe “channel geometry”: The size of the
map, the grey level code and the meaning of the curves at ttenband at the left are the same as in Fig. 1.

When the heterogeneity structures are dominantly panalldie mean flow (and,
therefore, tax), they may act as as preferential channels (Fig.1): forrdason, this
case is referred to in the following as the “channel” geogneltn the map of Fig. 1,
there is, for instance, a zone of low aperture half way betwee lateral sides of
the model and extending along most of its length. These ‘ichish produce large
variations withy of the averaga(x) =< a(x,y) >« of the aperture (left curve) while
a(y) =< a(x,y) >y varies much less witl (bottom curve).

2.2. Experimental set up and fluids

Figure 3 displays the experimental setup used for the digpemeasurements. The
fracture model is positioned with its length vertical. Theresponding sides (acting
as lateral borders) are sealed while the two horizontaksitle open. The upper side
of the model is connected to a syringe pump sucking the flumigand out of the
fracture. The lower horizontal side is dipped into a fluidibahich may be moved up
and down: this allows one to replace the fluids convenientiyé initial phase of the
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experiments. The fracture model is transparent and plaewdsen a light panel and a
Roper Coolsnap HQ video camera.

For electrical measurements, two stainless steel grids 20k 1 mn?) used as the
electrodes are placed in the fluid bath and in the outlet, andected to a HP 4284A
impedance analyzer with a measurement frequency of 1 kHz.

to pump

> impedance meter

!'

solution 2

solution 1

digital
camera

model fracture

vertically
movable bath

Light panel

r|

electrode 2

Figure 3: Schematic view of the fracture model.

The fluids used here are Non-Newtonian shear thinning soisitwith the same
concentration of scleroglucan (1000 ppm) in water. Thedotbgical characteristics
are discussed by Boschan et al. (2009). One fluid is dyed watly/0of Anilin Blue
dye Handbook of dye€2002)) while the other contains the same amourita€l (as
a result, the first fluid is dark blue and the second transparéris allows one to
minimize buoyancy driven instabilities by matching the siéas of the two fluids and
also to introduce a contrast between their electrical cotidties and light transmis-
sivities. For clarity and concision, the two solutions afered to in the following ad
(dye) ands (salt). Their respective electrical conductivities ate= 2.27 mS§cm and
o4 =2mS/cm.

Polymer solutions have been selected in these experimantwd reasons. First,
at high velocities, their shear thinning properties enleahe macrodispersion due to
large scale heterogeneities of the flow field (Boschan e2@09): this macrodispersion
is reflected by large structures of the displacement fronthvprovide valuable infor-
mation on the heterogeneities. Moreover, at low flow velesijtthe &ective viscosity
of the solutions is high: this further reduces the develapnoé unwanted buoyancy
driven instabilities due to residual density contrasts.

2.3. Experimental procedure for displacement experiments

The fracture is first saturated by one of the solutisr d; then, the fluid bath
is moved down, emptied, cleaned, filled with the other fluil amoved up until the
model is again in contact with the fluid of the bath. Finalhg £xperiment is initiated
by pumping fluid at the top of the model at a constant flow rdte:nbean fluid velocity
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U ranges between@024 and ®4 mmnys (or 28 < Pe < 285 in which the Péclet num-
ber Peis defined byPe = U (a(x, y)).,/Dm). This procedure allows one to obtain a
very flat horizontal displacement front at the initial tini2uring the experiments, both
light transmission and electrical impedance measurenagatserformed at a constant
rate. The time variation of the real (resistance) and thayjinsay (reactance) compo-
nents of the impedance are recorded.
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Figure 4: Variation of the resistance)(and reactances] of a rough model fracture as a function of time
during the displacement solutiahby solutions of lower electrical resistivity .

Figure 4 displays a typical variation of the resistance aattance as a function
of time when solutiord is replaced by solutios. In this case, the resistance decreases
monotonously from a value corresponding to the more resiétilid down to a lower
one corresponding to a full saturation of the model by thetlessistive solution.

The variation of the reactance is more than two orders of ihadg smaller than
that of the resistance so that the curve is much noisier; overgits physical meaning is
not obvious. The rest of the paper deals therefore excliysiith resistance variations.

The electrical conductivity of the plexiglas is negligillempared to that of the
fluid conductivity and no absorption of the ions on the fraetsurface was detected.
The measured resistance corresponds to that that of thesfltuidating the slit between
the two walls (the contribution of the resistance of thetialed outlet which have a far
larger aperture is much lower).

Fig. 4 also shows that the variation of the resistance duhiagxperiment is glob-
ally roughly linear between initial and final limiting valseit is shown below that
important information on the flow structure resides in déeigs from this linear vari-
ation.

2.4. Resistance measurements for pure solutions.

Before analyzing the time variation during a displacemeatess of the resistance
of the two fractures, we discuss first their values when tmeydly saturated by either
solutionss or d. The objective is to investigate the influence of the coniditgtof the
fluids and to compare the values obtained for the two frastwith a same fluid. The
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values of the real part of the electrical impedance meadordtie two models and the
two solutionss andd are listed in Table 1.

Rs (k) Ra (kQ) Rs/Rud R/RPP
Barrier | 2565+0.2 | 305+ 0.2 | 0.835+0.01 | 1.15+ 0.03
Channel| 215+02 | 265+ 0.2 | 0.81+0.01 | 0.98+0.04

Table 1:Rs, R4, Rs/Ry: values of the electrical resistance of the fracture modetsratio of these values
when the models are fully saturated by solutisrs d. R/RPP: ratio of the measured resistance and of that
corresponding to the parallel plate model (averaged ouatisns s andd).

In the range of measurement frequencies and voltages ugeé jresent work,
the electrical resistance is expected to be proportiorthoesistivity of the saturating
fluid. Under these assumptions, the r&igR, of the resistivities measured for fluids
andd should be the same for the two models: the values of thessilaied in Table 1
are indeed equal to within2% so that:

R
s _Ps _ 0824002 (1)
Ri  pd
As aresult, the ratio of the electrical resistances meddorghe two models saturated
by a same solution is also independent of the solution with:

Renannel

Rbarrier

The values of the resistances have been compared to thadietpdeby the parallel
plate assumption for arflective aperture equal to the averag@(x, y))xy = 0.75mm
(identical for the two models). The corresponding resiséarare respectiveiRb” =
L/(waos) = 228kQ andRi’ = L/(waog) = 26kQ.

The values of the rati®/RPP are listed in Table 1: it is close to one in the channel
geometry and 10% higher in the barrier one. This implies, inathis latter case, the
roughness has a stronger influence on the fracture resist@he diference reflects the
anisotropy of the aperture field: similafidirences between two such configurations, of
even larger amplitude, have been reported for the valudsegbérmeability (Auradou
et al., 2005).

These static measurements confirm the linear variationeofitiid resistance with
the electrical resistivity of the fluid. This suggests to as@rmalized variable in order
to eliminate the influence of the values®f andoy. The resistancRis then replaced
by the normalized parametBt:

= 0.85+ 0.03, )

R-Rg

R = 3
R Ry 3)
for flows where the dyed fluid displaces the salt solution and b
R-Rs
R = 4
Ry R (4)
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in the opposite situation (fluid replacing fluidd). In this way,R* is always equal to

1 at the beginning of the experiments and to 0 when the irgeituéd has completely
replaced the displaced one. In order to compare more eagifrienents performed at
different mean flow velocitied, the timet is also replaced by the reduced variable:
t* = Ut/L. Note that* = 1 correspondsto an injected volume equal to the pore volume
of the fracture.

3. Displacement experiments. measurementsresults.

In this section we discuss the experimental variationR‘¢f) as a function of the
reduced time* in the channel and barrier geometry; values of the Pécletoau rang-
ing from 28 to 285 have been investigated.

In both figures 5 and 6, the data correspond to experimenthiohwfluid s dis-
places fluidd. Inverse experiments in which the dyed fluid displacedNh€lsolutions
have also been performed. The variationgRuft*) obtained in the two cases are the
same: this demontrates that no gravitational instalslitiee to residual density con-
trasts appear and that the displacement is not influencethley diterences between
the two solutions.

3.1. Channel geometry.
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Figure 5: Variation of the normalized resistanige as a function of the reduced tinté in the channel
geometry. Experimental data fos)( Pe = 28, (»): Pe= 142, (0): Pe = 285. Dotted line: parallel plate
model, solid (resp. dashed dotted) lines: predictions afydical and numerical models from Sec. 4.2 for
n = 0.26; dashed line: theoretical model foe 1. Inset: enlarged view of bottom right of the main graph.

The resistanc&®" decreases at first linearly witti with a constant slope up to
t* ~ 0.7 (Fig. 5). Fort* > 0.7, one observes a tail-like variation and the slope decsease
continuously to zeroR* becomes zero only for values tfsignificantly larger than 1.
This indicates that a sizable fraction of the displaced flsiidcated in slow flow paths
and leaves the model significantly after the mean transé {tin= 1) corresponding to
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the injection of one pore volume. The variationd(t*) with t* at the diferent Péclet
numbers are qualitatively similar: the slope at short tifaesl therefore thefciency
of the displacement) increases wile At long times, the full displacemeniR{ = 0)
is obtained roughly at the same normalized time aPaNalues {.e. t' ~ 1.5-1.7).

3.2. Barrier geometry.
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Figure 6: Variation of the normalized resistivi (see Egs. (3) and (4)) as a function of the reduced time
t* in the barrier geometry. The symbols used for the experiatetdta are the same as in Fig. 5. Dotted
line: parallel plate model (Eq.(10)), solid (resp. dashettedl) lines: predictions of analytical and numerical
models from Sec. 4.3. Vertical dashed line: valud*ot the transition between variations Rf(t") with
different slopes. Inset: enlarged view of bottom right of themgaaph.

Unlike the previous case (Fig. 5), the full saturation by digplacing fluid {.e.
R* = 0) is nearly reached fdar = 1 (injection of one pore volume) at all Péclet numbers
and the tail-like features are barely visible (Fig. 6). Tinidicates that no continuous
slow or fast flow paths are present in the model.

Moreover, unlike in the channel case, the sIdpé/dt* does not vary monotonously
with time: it is lower than the average trend foxQ* < 0.5 and higher for ® < t* <
0.8 (the transition is marked by the vertical dashed line in B)g Moreover, the varia-
tions of the slope with* are significantly larger at the two lowest Péclet numbeas th
for Pe= 285.

The observations in the channel and barrier geometrieshamdiferences between
them confirm therefore that, in both configurations, theatarn of R* with t* provides
information on the structure of the flow field.

4. Displacement experiments: models

In this section, the resistance variation curves are mddek in the simplest case
of a parallel plate approximation and then using twiBedtent simplified representations
of the flow field for the parallel and perpendicular cases.
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4.1. Parallel plates geometry.

The description assuming two parallel plane surfaces astamtiea provides a
reference curve for determining the deviations induced iffgrbnt kinds of hetero-
geneities of the flow field. Also, this assumption will be useévaluate the influence
of the conductivity contrast between the two solutions ahthe mixing zone which
develops between the two fluids after the flow is established.

Regarding this latter issue, at large enough times, the owtibn of advection and
transverse molecularfilision leads to a diusive spreading regime often called Taylor
dispersion (Taylor, 1953; Boschan et al., 2003). The averagf the concentration of
fluid d over the aperture satisfies then :

Cal0) = 5(1+ EXQ) ©)

where/ = (x — Ut)/(2VDt), x is the distance from the fracture inldt, the mean
flow velocity, t the time andD the dispersion cdicient. In this equation, the plus
(respectively minus) sign corresponds to the situationhictvthe fracture is initially
saturated by the dyed (respectively transparent) fluid.

For flow between parallel plates, the local resistiyify, y, t) is constant in the
direction, so that the overall electrical resistance iatezl to the variation along the
lengthL of the fracture by:

L
R(t) = %v fo p(x, t)dx (6)

in which p(x, y,t) = p(x,t) is related to the local relative concentratigyof dyed fluid
by: 1/p(x,t) = cy(X, t)og + (1 — cy(%, t))os. EQ. (6) then becomes:

I 1
R = o-sawfo 1— ycq(X, t)dX )

wherey = 1 - o4/0s. Due to the small contrast between the conductivitieandoy
(x = 0.12), one can assume thaty < 1: Eq. (7) may then be approximated by:

1 L
R(t) ~ L x, t)dx]. 8
0~ o ex [ xva ®
The integral at the right is the ratio of the volume of dyeddlisiside the fracture by
the sectiora wtransverse to the mean flow. For a fracture initially saedddy the salt
solution, mass conservation requires that this integraicaml toQt/awin which Q is
the volume flow rate. Then, Eq. (8) becomes:

(% + Xit). )

R(Y) =~ a2w

oW

Since the ratidQ/(aw) is equal to the mean velocity which is also that of the front,
the resistance varies linearly froRd = L/(awos) to Ry = L/(awog). In the other flow
configuration (dyed fluid displaced by salt solutio@},must be replaced bgwL— Qt.

10
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Figure 7: Variation of the resistance with time in the palaplate model. Solid line: prediction from
Eqg. (10). Dotted and dashed lines: normalized resistivatiration R*(t*) computed by integrating Eq. (7)
for y = 0.12 and, respectivelyy/a = 1 anda/a = 10. Dash-dotted line: variation & (t*) computed for
a/a =10 andy = 0.7. Inset: enlarged view of bottom right of the main graph.

Using the normalized variablé® andt* defined in Sec. 2.4, Eq. (9) becomes:
R=1-t" (10)

This variation is represented by a straight dotted line asference in Figs. 5 and 6.
Due to the normalization, the slope is always negative {) while it may be of either
sign for the variation oR(t).

The variation from Eq. (10) does not depend on the dispersiefiicientD: this
is however only valid as long as the upstream part of the aaraton variation front
has not reached the end of the fracture and all the injectetifas remained within it.

In order to evaluate the influence of this lattéiieet, as well as of the approxima-
tion made by replacing Eq. (7) by Eqg. (8), Eq. (7) has beergnated directly, using
Eqg. (5) in order to estimatey(x,t). The dispersion cdaicientsD (or equivalently the
normalized dispersivities/a = D/(Ua)) are taken equal to the upper and lower values
determined previously from sequences of images of theatisphent front (Boschan
etal., 2009). The result of this computation is compareddn Fto the linear variation
from Eq. (10).

For y = 0.12 (value used in the present experiments), the curves ceahitom
Eq. (7) are, at first, only slightly below the linear variatitfom Eq. (10). When the
forward part of the displacement front reaches the end aftbeel, there is an upward
curvature of the variation ari® becomes larger than the value predicted by the parallel
plate model a$* — 1 (see inset). This occurs earlier fefa = 10 ¢* ~ 0.75) than
fora/a = 1 (t* ~ 0.92): this diference reflects the broader width of the front due to
dispersion forr/a = 10. The value oR* differs still significantly from O at* = 1: this
shows that the saturation of the fracture by the displacirid fs§ incomplete.

For the larger conductivity ratig = 0.7, the curve derived from Eqg. (7) (dash-
dotted line) is clearly below the linear variation predec®y Eg. (10): this implies that
the first order approximation used to obtain Eq. (8) is nodvahy more. Even when

11
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Figure 8: Schematic view of the front geometry with the aprertand velocity distributions for the channel
(left) and barrier (right) models. Grey (white) zones: s of the fracture saturated with the displacing
(respectively displaced) fluid. For the channel model,rétioed channels are shown for simplicity but the
aperturea(y) and the velocityu(y) are actually continuous functions nf

the deviation from the linear variation is large, none ofd¢heves obtained for fierent
values ofe/a andy displays abrupt slope variations comparable to those vedem
the experimental curve of Fig. 6.

The above results demonstrate that the variation of thérilaelresistance is mainly
determined by the overall translation of the displacemennitfseparating regions sat-
urated by solutions of dierent electrical conductivities. The hydrodynamic dispar
only adds a tail feature to the curves fowalues close to 1. In the following modejs,
is always taken small and the variation of the resistancassemed to be determined
exclusively by convective processeé®(the dfect of local dispersion is neglected).

We shall now take into account th&ect of the heterogeneities of the flow field by
means of two dferent models specifically adapted to either the perperaticulthe
parallel case.

4.2. Channel geometry

Velocity field and front displacemenin this case, the fracture is described as a set
of independent channels parallel to the mean flow (see Figa®a of apertura(y)
constant withx: a previous study (Boschan et al., 2009), has indeed shoatrthts
model reproduces well the large scale geometry of the disptent front (defined as
the isoconcentration line= 0.5). As in Fig. 1,a(y) is equal to the averaga(x, y))x.

In order to compute explicitely the profile of the front segtarg the two fluids, the
polymer solutions used in the present experiments are a&sbtorbe power law shear
thinning fluids of rheological exponentat the highest Péclet numbers (theeetive
viscosity u is related to the shear rateby : u « ™). The valuen = 0.26 has
been obtained by means of independent rheological measatsifsee Boschan et al.
(2009)). The velocity(y) is then :

] a(y)(n+l)/n
<), -

u(y) =

12
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in whicht =< u(y) >y is the mean fluid velocity across the fracture. The front pofi
Xz (Y, t) is then given by:
Xt (Y, 1) = u(y)t (12)

The resulting profiles display large structures with an atugé increasing linearly
with time (Boschan et al., 2009).

A low Pevalues (low velocities), the solutions behave like Newaonfluids with
4 = cst, corresponding ta = 1.

Analytical computation of the resistanc&ince local dispersion is neglected, a local
element of the fracture is assumed to be fully saturated leyodthe pure fluids or

d: the displacement front is therefore the boundary betweerrégions occupied by
each pure fluid.

In a first step, the variation with time of thefective resistance of the fracture
is computed by assuming that, like for mass flow, there is aostrerse transport of
electrical current. Then, Eq. (7) is applied to each elearynthannel by replacing
by its local valuea(y) and taking into account the variation qf(c, y,t) with y. The
elementary channels are in parallel so that their conduetaadd up. Using again a
first order approximation with respect o< 1 provides the following expression of
the global &ective conductance:

For an elementary channel at a distagcthe integral ofcy with respect tax is either
equal toL if the front has reached the end of the modgy]t > L) or to u(y)t otherwise
(u(y)t < L). Therefore:

1 _os X Ts _
= f WsLa(y)(l Luy))ay+ 7 f Ay a4

At early times such thai(y)t < L for all y, 1/R varies linearly witht with:

1o My ot [
=5~ 2 [ avey- T4 [ ey 1)

Again using a first order approximation fpr< 1, Eqg. (15) may be rewritten in the
following form equivalent to Eq. (9):

R(t) = (16)

L th a(y)u(y)dy}
os fy aydy| L [Fa(y)dy

This expression becomes identical to Eq. (10)Rodefined from Eq. 3 and taken
equal toUt/L (U is here the arithmetic meaJ@L a(y)u(y)dy/ LL a(y)dy).

This initial linear regime is left fot; = U/Uy < 1 in whichuy is the maximum of
the velocitieau(y).

At longer times, the full equation (14) must be used. Thea vilue:R,, =~ (1 +
x)R(0) of the resistance corresponding to a full saturationhgy displacing fluid is
reached fot} = U/uUyn > 1 (Uy is the minimum velocity).

13
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The result of the computation for= 0.26 is plotted in Fig. 5 as a solid line. The
predicted variation corresponds well to the experimeragjqularly forPe = 285: in
this case, the experimental and theoretical curves carmidcisely in both the linear
and in the “tail” parts of the curves.

At lower Péclet numbers, the absolute value of the sloperes lower: this may
be due to the transversdidision of fluid between the fastest flow paths and the slower
ones.

Replacing the power law fluid by a Newtonian one (dashed hrigg. 5) strongly
reduces the tailféect: the linear variation is retained during a longer tirnthan for the
shear thinning solution. This reflects the lower value ofwblecity contrasts between
the fast and slow slow paths for the Newtonian solutioe: (1) than forn = 0.26. The
slope of the linear variation is however the same. The redivakie of the experimental
slope at lowePé€s is therefore not accounted for by the vicinity of a Newtmplateau
of the rheological curve at lower shear rates.

Numerical2D computation of the resistancén the above model, transverse electrical
transport in they direction is neglected. It will however be present sincedahperture
field a(x, y) is bidimensional even though it is strongly anisotropic.

In order to estimate its influence, numerical simulationgehaeen performed: the
full 2D aperture fielda(x, y) is used for computing the electrical resistance while, at
all times, the frontx;(y,t) is computed in the same way as above. The fractured is
modelled as a two dimensional array of resistors with mes#ssi andéw respectively
alongx andy. The resistance of a node of coordinateyy) is taken equal to:

él
roey) = oa(x,y) sw (7
in which o is equal tars or oy depending on the fluid saturating the node.

The array is considered as a set of bonds linking two noddsedditray and with a
resistance equal to the mean of that of the nodes. At eachstepethe computation of
the equivalent resistance by writing Ohm'’s law for every déads to a set of linear
equations solved by means of a conjugate gradient methdck for the analytical
model, the predicted variation & (t*) with t* is independent oPe (local dispersion
and molecular dfusion are again neglected).

The variationR*(t*) obtained in this way is represented by a dashed-dottedrine
Fig. 5. The values obtained are very similar to the predigtiof the simpler analytical
model (dashed dotted line). This shows that the transvdesgrieal currents have
almost no influence on the electrical resistance, at leasieithannel geometry. This
justifies therefore the use of the analytical model in theision tests discussed below.

4.3. Barrier geometry

Velocity field and front displacementn this geometry, corresponding to the aperture
field of Fig. 2, we assume that the front between the two fluaisains flat at all
times; however, its velocitgx; /dt = u(x) varies with distance so that the flow rate
Q = u(X)a(x)wremains constant while the mean apera(pd varies (see Fig. 8b). The
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transit timet(x;) of the front fromx = 0 to X = X is:

*dxow [
t_fo m_afo a(x) dx (18)

In contrast with the channel case, this relation does noew@mpn the rheology of
the fluid (the latter influences only the local velocity prefietween the walls of the
fracture and is therefore not relevant in the present model)

Analytical and numerical computation of the resistante this barrier geometry, the
global dfective resistance is obtained by summing the resistancéedlices corre-
sponding to dierent distanc& and which are, this time, in series. In the case in which
solutionsis replaced by solutiod, this leads to:

- zall o o) @

The slopeadR/dt of the variation is not constant with time like in the caseref parallel
plates but is given by:
dRt)  x Q

dt — owa?(x)’
in which Q = a(x)w dx; /dtis (as above) the flow rate.
Eqg. (19) may be rewritten using the dimensionless variaRiegefined by Eq. (3)
andt* defined by:

(20)

L) _ fpadx _ut
t(L) fOL ax)dx L

in which whichU is the harmonic mean of the velocitie&) over the distance L. The
variation ofR* as a function of* is plotted in Fig. 6 as a solid line and does not depend
onPe

Like for the experimental data (symbols) and unlike for thermel geometry,
no tail is observed but the slope varies significantly duting displacement: from
Eq. (20), this reflects the variations of the apert@(d. Quantitatively, the values ob-
tained are closer to data from the experiments correspgridithe two lowest Péclet
numbers Pe = 28 andPe = 142) but slightly higher. This may reflect the increase of
the longitudinal dispersion at high flow rates.

Like in the channel geometry, the influence of transversetrtal current on the
value of the resistance is verified by computing the eleaitriesistance by means of
a 2D numerical computation based on the full apertafe y). In contrast, the front
is still assumed to be flat and its displacement is computeabage. The numerical
procedure for computing the resistance at a given time isange as for the channel
geometry and the result is plotted in Fig. 6 as a dashed dilitie.

The values are again very similar to those predicted by thplsir analytical model
which is therefore always used for computing the electriesistance in the inversion
procedures below. Globally, the results reported here detrate that the barrier and
channel structures of the aperture field induce veffedént deviations from the lin-
ear variation of the resistance with time corresponding pallel plate model. We

(21)
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demonstrate now that the resistance measurement may béouskthin quantitative
information on the fracture heterogeneity (this represerdeed a key issue in view of
practical applications).

5. Inversion of experimental resistance variation data

Two different approaches are used in this part depending on thesooenf tailing
or of variations of the slope in the plots of the resistance s ction of time.

Practically we seek to determine from the variation of trséstance with time the
parameters of the simplified theoretical description freenss 4.2 or 4.3 suitable in the
case considered.

5.1. Inversion of the data for the channel geometry

6 -
d(1/R)/dt
5 -

4 -
(a.u.)

0 500 1000 1500 2000
t(s)

0 0.2 u(mmsl) 04
1

04 . kb
0 0.1 0.2 0.3 0.4
a(nt+1)/n (mm(“H )/n)

Figure 9: a) Variation of the derivativé/dt(1/R) as a function of time for the experiment e = 285 in
the channel geometry. b) Compared variations of the digtdh g(u) of the flow rate as a function of the
velocity u for the same experiment (solid line) anda3i(a) as a function o™/ (crosses).
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In this case, the resistance variation curves display ahlgdimear part and a tail
one. Most of the information on the distribution of the apess and flow velocities
is provided by the tail: it corresponds to the transitionn@sn the breakthrough of
the front at the end of the modek (= L) in the fastest channels and in the slowest
ones. This is clearly seen byffirentiating Eq. (14) with respect to time. Only the first
integral contributes to the derivative since the secondesponds to channels already
fully saturated with the displacing fluid. This leads to:

d ( 1 ) o

gt @ 1z e a(y)u(y)dy. (22)

The variation ofd(1/R)/dt with time is plotted in Fig. 9a. The Péclet numif= 285
has been selected because it corresponds to the best fit thiethretical models with
the experimental variation. After a transient initial nigipart, a plateau value is reached
(dashed line) and, then, the slope decreases in the taibptré curveR(t) (here for
t > 800s): in the following, this will be the range of times oféngést. The initial rise
likely corresponds to the time required for the homogeniinaf the distribution of
the fluids over the distance between the fracture walls #ftemitial injection.

Actually, the integral in Eq. (22) represents the cumutatilow rate Q(us) =
fouc g(u)du in the channels of velocity(y) < uc = L/t: at short times, this condi-
tion is met for all channels an@(u) = Q. The derivativeg(u) = dQ/du characterizes
therefore the distribution of the flow in the model betweea thannels of dierent
velocities. Derivating Eq. (22) with respect to time leaats t

d? (1 d
(5 ) - -2 Fow. 29

with u = L/t so that, replacindu/dt as a function of,

,d2 (1 oSy
t dt2 (R(t)) L a(u)- (24)
The distributiong(u) for values ofu such that the corresponding tirhgu is in the tail
region is displayed in Fig. 9b.

The functionq(u) may also be related to the normalized probability distidu
p(a) of the apertures of the channels. This distributpga) has been determined from
the mean aperture profily) (see Fig. 1). The functiog(a) is then given byg(a) =
wa u@) p(a) and related tag|(u) by g(u) = gq(a) da/du. Also, from Eq. (11), the velocity
u(a) in a region of local aperturis proportional ta™/", Combining these relations
leads tog(u) « a(u)?p(a(u)) (the order of magnitude of the proportionality doeient
may be roughly estimated but its precise value depends ogetbetry of the rough
surfaces). These two estimationsggfi) are compared in Fig. 9; the scales have been
adjusted and the variabd™ /" is used for the horizontal (upper) axis in order to make
the comparison easier.

Both distributions have a double peaked shape and the vafuato between the
values ofu corresponding to these peaks are also similar. This conflatinforma-
tion on the flow probability distributions can be obtainedhfrthe resistance variation
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curves. Obtaining information on the spatial distributidithe flow (particularly in the
directiony) is however of course not possible for such global measunésraveraged
over the widthw. Local sensors with some spatial resolution in the direcfia/ould
be useful for that purpose.

5.2. Inversion of the data for the barrier geometry

x/L (adim.)
0.1 0.2 0.3 04 05 0.6 0.7 0.8

1 1 1 1 1 1 1

1
0.0 -0

-1/a(x)? (mm)2
(reyuowtzodxo) (s/wyo) Ip/Yp

Figure 10: Barrier geometry: compared variations of theseirpental time derivativelR*/dt* of the resis-
tance for 3 Péclet numbers and of the inverse of the squpetLae Ja(x)? (continuous line) as a function
of the reduced tim¢&* = Ut/L and of the distance/L respectively. The values of the experimental param-
eters and the symbols used for the experimental data arathe as in Fig. 6 and the vertical scales have
been selected to make comparisons easier.

In this configuration in which heterogeneities are barferpendicular to the mean
flow, the variations of the resistance with time allow onedtedmine the variations of
the aperture with distance. Assuming that the aperture hadua a(x) independent
of the transverse distangeEq. (20) predicts indeed thedR'(t*)/dt* o« 1/a(x)2. This
relation is applicable if local dispersion is negligibleaptically, the width of the front
must remain small compared to the characteristic distapfoesriation of the aperture
alongx.

The validity of Eq. (20) is tested in Fig. 5.2: the variatioolsdR*(t*)/dt* and
1/a(x)? respectively as a function of the normalized variallendx/L are compared
(using these two dierent horizontal scales amounts to neglect the small dem&t
of the front velocity from a constant value). One observesxeellent correlation
between the large and medium scale variations of both diemtparticularly at the
two lowest Péclet numbers.

More globally, we also compared the mean slopes of the vangbfR*(t*) in the
first and second half of the displacement(@ < 0.5 and 05 < t* < 1) to the square
a3/a of the ratio of the mean apertures in the corresponding nsgid the model
(0< x<L/2andL/2 < x < L). The aperture map of Fig. 2 leadsap~ 0.83 mm and
a; ~ 0.66 mm so that3/a2 ~ 0.68 while the ratio of the slopes of the resistance curve
has a comparable value of the order aff)
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These results show that, in the “barrier” configuration,jitative information on
the variationa(x) of the mean aperture is readily obtained from the variatibthe
resistance with time through a simple derivation.

6. Discussion and conclusions

The experimental results reported here demonstrate tregumements of the vari-
ation with time of the global electrical resistance duringnizcible displacement ex-
periment provides quantitative information on the large eredium scale variations of
the local velocity and aperture in rough fractures.

We have found that, in order to make the interpretation stmphe contrast be-
tween the electrical conductivities of the two fluids mustrbederate. Practically,
information is provided by the deviation of the variatiortioé resistance from that for
a parallel plate system of samffextive aperture. It has also been verified that using
shear thinning fluids enhances the velocity contrasts hegtwige dfferent flow paths
and may help detecting the heterogeneities.

Preferential channels parallel to the mean flow (channeingéy) lead to devi-
ations from the parallel plate variation due to early breaktgh at the outlet of the
fracture; slow channels delay instead the full saturatibthe medium. The velocity
contrasts between thesefdrent channels as well as the distribution of the aperture
may be estimated from the values of these early and lateahtirives.

Barrier type features extending over a large fraction (Brthé fracture width in-
duce deviations of the derivatigdr/dt of the variation of the resistance with time from
its average value: the variations of this derivative wermnshto vary as the inverse of
the square of the local aperture (at least for large and medaale variations).

Local dispersion andr heterogeneities also influence the variation of the resis
tance, particularly when the front width is not negligibanepared to the length of the
sample. Deviations associated to the longitudinal dispersake then place mostly
when the displacement front leaves the fracture. Tranewspersion is also observed
to influence the resistance: it reduces for instance theatert of its variation with
respect to time: suchfiects may be used to characterize this process.

The measurements described in the present paper are &yplicaatural fractured
rocks like those encountered in the granitic field sites ysediously for hydrome-
chanical experiments (Cornet et al., 2003). In such casesutface conductivity of
the rocks (due for instance to clay minerals) often needs talken into account (Rigt
et al., 1995): the analysis of the frequency dependencesaieidl and imaginary parts
of the impedance may then provide useful complementarynmétion. In the case of
fractured porous rocks, retardatiofiexts due to solute exchange between the pores
and the fracture must also be taken in consideration. Firaltitional information
may be obtained by using several local electrodes at theankt outlet of the sample
in order to achieve some lateral resolution in the directiansverse to the flow.
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