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Abstract

In hydrogeology, the application of reliable tra¢eansport model approaches is a key issue to
derive the hydrodynamic properties of aquifers.

Laboratory and field — scale tracer dispersion lkiteaugh curves (BTC) in fractured media are
notorious for exhibiting early time arrivals andela- time tailing that are not captured by the
classical advection — dispersion equation (ADE)esEh““non — Fickian” features are proved to be
better explained by a mobile — immobile (MIM) apgecb. In this conceptualization the fractured
rock system is schematized as a continuous medmuwmhich the liquid phase is separated into
flowing and stagnant regions.

The present study compares the performances aiathilikes of the classical Mobile — Immobile
Model (MIM) and the Explicit Network Model (ENM) &t takes expressly into account the
network geometry for describing tracer transpotiawgour in a fractured sample at bench scale.
Though ENM shows better fitting results than MIMegtlatter remains still valid as it proves to
describe the observed curves quite well.

The results show that the presence of nonlineav fitays an important role in the behaviour of
solute transport. Firstly the distribution of s@wccording to different pathways is not constant b
it is related to the flow rate. Secondly nonlintaw influences advection, in that it leads to dage

in solute transport respect to the linear flow agstion. Whereas nonlinear flow does not show to
be related with dispersion. The experimental raessittow that in the study case the geometrical
dispersion dominates the Taylor dispersion. Howéwerinterpretation with the ENM model shows
a weak transitional regime from geometrical disijperdo Taylor dispersion for high flow rates.
Incorporating the description of the flowpathstie tanalytical modeling has proved to better fit the

curves and to give a more robust interpretatiothefsolute transport.
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Introduction

In fractured rock formations, the rock mass hydcab€haviour is controlled by fractures. In such
aquifers, open and well — connected fractures datesthigh permeability pathways and are orders
of magnitude more permeable than the rock matriea(B& Berkowitz, 1987; Berkowitz, 2002;
Bodin et al., 2003; Cherubini, 2008; Cherubini &skae, 2011, Geiger et al.,, 2012, Neuman,
2005).

In most studies examining hydrodynamic processdsattured media, it is assumed that flow is
described by Darcy’s law, which expresses a limelationship between pressure gradient and flow
rate (Cherubini & Pastore, 2010). Darcy’'s law haerb demonstrated to be valid at low flow

regimes (Re < 1). For Re > 1 a nonlinear flow b&havs likely to occur.

But in real rock fractures, microscopic inertialgplomena can cause an extra macroscopic
hydraulic loss (Klgv, 2000) which deviates flow ficdhe linear relationship among pressure drop

and flow rate.

To experimentally investigate fluid flow regimesrdbgh deformable rock fractures, Zhang &
Nemcik (2013) carried out flow tests through botated and non — mated sandstone fractures in
triaxial cell. For water flow through mated fraatar the experimental data confirmed the validity of
linear Darcy’'s law at low velocity. For larger watBdow through non — mated fractures, the
relationship between pressure gradient and volucn8bow rate revealed that the Forchheimer
equation offers a good description for this pafticdlow process. The obtained experimental data
show that Izbash’s law can also provide an excetlescription for nonlinear flow. They concluded

that further work was needed to study the dependehthe two coefficients on flow velocity.

In fracture networks heterogeneity intervenes auesolute transport: due to the variable aperture
and heterogeneities of the fracture surfaces the flow will seek out preferential paths (Gyllireg

al., 1995) through which solutes are transported.

Generally the geometry of fracture network is natlvknown and the study of solute transport
behaviour is based on multiple domain theory adogrtb which the fractured medium is separated
in two distinct domains: high velocity zones suchtlae network of connected fractures (mobile
domain) where solute transport occurs predominadntlpdvection, and lower velocity zones such
as secondary pathways, stagnation zones (almastnelbile domain), such as the rock matrix.

The presence of steep concentration gradients batwieactures and matrix causes local

disequilibrium in solute concentration which givese to dominantly diffusive exchange between
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fracture and matrix. This explains the non — Fiokimature of transport, which is characterized by
breakthrough curves with early first arrival andddails.

Quantifying solute transport in fractured media basome a very challenging research topic in
hydrogeology over the last three decades (Nowarebak, 2013).

Tracer tests are commonly conducted in such aguiferestimate transport parameters such as
effective porosity and dispersivity, to characterigubsurface heterogeneity, and to directly
delineate flow paths. Transport parameters aremastd by fitting appropriate tracer transport
models to the breakthrough data.

In this context, analytical models are frequentiypéoyed, especially for analyzing tests obtained
under controlled conditions, because they involvenzll number of parameters and provide
physical insights into solute transport proceskasét al 2012).

The advection — dispersion equation (ADE) has lisditionally applied to model tracer transport
in fractures. However extensive evidence has shinanthere exist two main features that cannot
be explained by the ADE: the early first arrivaldatine long tail of the observed BTCs curves.
(Neretnieks et al, 1982; Becker and Shapiro, 2000énez-Hornero et al. 2005; Bauget and Fourar,
2008).

Several other models have been used to fit the aloas BTCs obtained in laboratory tracer tests
carried out in single fractures. Among those, thebNé-Immobile (MIM) model (van Genuchten
and Wierenga, 1976), has showed to provide batteof BTC curves (Gao et al., 2009, Schumer
et.al 2003, Feehley et al, 2010).

In the well — controlled laboratory tracer testsriea out by Qian et al. (2011) a mobile— immobile
(MIM) model proved to fit both peak and tails oetbbserved BTCs better than the classical ADE
model.

Another powerful method to describe non — Fickie@ms$port in fractured media is the continuous
time random walk (CTRW) approach (Berkowitz et 2006) which is based on the conceptual
picture of tracer particles undergoing a seriegasfsitions of length s and tinte

Together with a master equation conserving soluéssinthe random walk is developed into a
transport equation in partial differential equationm. The CTRW has been successfully applied
for describing non — Fickian transport in singlactures (Berkowitz et al.2001; Jiménez — Hornero
et al. 2005).

Bauget and Fourar (2008) investigated non — Fickiansport in a transparent replica of a real
single fracture. They employed three different ni®decluding ADE, CTRW, and a stratified

model to interpret the tracer experiments.
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As expected, the solution derived from the ADE d¢igmaappears to be unable to model long-time
tailing behaviour. On the other hand, the CTRW thalstratified model were able to describe non
— Fickian dispersion. The parameters defined bgehwodels are correlated to the heterogeneities
of the fracture.

Nowamooz et al., (2013) carried out experimentakgtigation and modeling analysis of tracer
transport in transparent replicas of two Vosgesistime natural fractures.

The obtained breakthrough curves were then intergreising a stratified medium model that
incorporates a single parameter permeability distion to account for fracture heterogeneity,
together with a CTRW model, as well as the clas#i&E model.

The results confirmed poorly fitting breakthrouglnes for ADE. In contrast, the stratified model
provides generally satisfactory matches to the @atan though it cannot explain the long-time
tailing adequately) while the CTRW model captutes full evolution of the long tailing displayed
by the breakthrough curves.

Qian et al (2011) experimentally studied solutengprt in a single fracture (SF) under non —
Darcian flow condition which was found to closetyiow the Forchheimer equation.

They also investigated on the influence of the eiyocontrast between the fracture wall and the
plane of symmetry on the dispersion process, wkiek called ‘boundary layer dispersion’ by
Koch and Brady (1985). They affirmed that this ptr@enon had to be considered if the thickness
of the boundary layer was greater than the roughoéshe fracture. On the other hand, if the
thickness of the boundary layer was smaller thanrtlughness of the fractures, the recirculation
zones inside the roughness cavities rather thabdhadary layer would be more relevant for the
dispersion process, thus the hold — up dispersionldvbecome important. Since smooth parallel
planes were used for constructing the SF in thggeement, the fracture roughness and the hold —
up dispersion were negligible.

Bodin et al (2007) developed the SOLFRAC prograrhictv performs fast simulations of solute
transport in complex 2D fracture networks using fheme Domain Random Walk (TDRW)
approach (Delay & Bodin, 2001) that makes use qfipe network approximation. The code
accounts for advection and hydrodynamic dispersiorchannels, matrix diffusion, diffusion into
stagnant zones within the fracture planes, massinghat fracture intersections, and other
mechanisms such as sorption reactions and radreadecay. Comparisons between numerical
results and analytical breakthrough curves forlssint test problems have proven the accuracy of
the model.

Zafarani & Detwiler (2013) presented an alterngtpraach for efficiently simulating transport

through fracture intersections. Rather than soltimg two — dimensional Stokes equations, the
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model relies upon a simplified velocity distributiavithin the fracture intersection, assuming local
parabolic velocity profiles within fractures entegiand exiting the fracture intersection. Therefore
the solution of the two — dimensional Stokes equatiis unnecessary, which greatly reduces the
computational complexity. The use of a time — domapproach to route particles through the
fracture intersection in a single step further meduthe number of required computations. The

model accurately reproduces mixing ratios preditigtigh — resolution benchmark simulations.

As most of previous investigations of flow and spart in fracture networks considered Darcian
flow, the behaviour of the solute transport in fume networks under non — darcian flow conditions
has been therefore poorly investigated. In frachetwvorks different pathways can be identified
through which solute is generally distributed imdtion of the energy spent by solute particles to
cross the path. In this context the presence ofimear flow could play an important role in the
distribution of the solutes according to the diéigr pathways. In fact the energy spent to cross the
path should be proportional to the resistance dw fassociated to the single pathway, which in
nonlinear flow regime is not constant but dependghe flow rate. This means that changing the
boundary conditions the resistance to flow varie$ @as a consequence the distribution of solute in
the main and secondary pathways also changes gnsegto a different behaviour of solute
transport.

In previous studies by Cherubini et al (2012, 20th@) presence of nonlinear flow and non fickian
transport in a fractured rock formation has beealy@ed at bench scale in laboratory tests. The
effects of nonlinearity in flow have been investeghby analyzing hydraulic tests on an artificially
created fractured limestone block of parallelepif@®60x0.40%0.8 i) shape.

The volumes of water passing through different pattross the fractured sampléwe inlet flow
rate and thdnydraulic head differencleetween the inlet and outlet pohiave been measured. The
experimental results have shown evidence of a namyDrelationship between flow rate and
hydraulic head differenceghat is best described by @lynomial expressianTransition from
viscous dominant regime to inertial dominant regimas been detectedhe experiments has been
compared with a 3d numerical model in order to eatd the linear and non-linear terms of
forchheimer equation for each paths.

Moreover, a tortuosity factor has been determinbithvis a measure of the deviation of each flow
path from the parallel plate model. A power law basn detected between the Forchheimer terms
and the tortuosity factor, which means that thietabfluences flow dynamics.

The non fickian nature of transport has been ingatdd by means of tracer tests that regard the
measurement of breakthrough curves for saline tjaalse across a selected path varying the flow

rate. The observed experimental breakthrough cuw¥ewlute transport have proved to be better
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modeled by thé.d analytical solution oMIM model. The carried out experiments show thairéh
exists a pronounced mobile—immobile zone interactiat cannot be neglected and that leads to a
non-equilibrium behaviour of solute transport. Tésastence of a non-Darcian flow regime has
showed to influence the velocity field in that ives rise to a delay in solute migration with regpe
to the predicted value assuming linear flow. Furtie@e the presence of inertial effects has proved
to enhance non-equilibrium behaviour. Instead pilesence of a transitional flow regime seems not
to exert influence on the behaviour of dispersion.

Herein, in order to give a more physical interptietaof the flow and transport behaviour, we build
on the work by Cherubini et al (2013) by interpngtihe obtained experimental results of flow and
transport tests by means of the comparison of wweptual models: théd single rate mobile —
immobile model (MIM) and th@d Explicit Network Model (ENM). Differently from théormer,

the latter expressly takes the fracture networkrgeoy into account.

When applied to fractured media, the MIM approaoksdnot explicitly take the fracture network
geometry into account, but it conceptualizes thagpslof fractures akd continuous media in which
the liquid phase is separated into flowing andrsag regions. The convective dispersive transport
is restricted to the flowing region, and the sokexehange is described as a first — order process.
Unlike MIM, the ENM model may allow to know the phgal meaning of flow and transport
phenomena (i.e the meaning of long — time behavwudUTC curves that characterize fractured
media) and permits to obtain a more accurate esamaf flow and solute transport parameters. In
this model the fractures are represented as lge-gdements and they form a 2d — pipe network.

It is clear that ENM needs to address the probldnpavameterization. In fact the transport
parameters of each individual fracture should kexi$ied and this leads to more uncertainty in the
estimation.

Our overarching objective is therefore of invediigg the performances and the reliabilities of

MIM and ENM approaches to describe conservativeetr&ransport in a fractured rock sample.

In particular way the present paper focuses tlent@bin on the effects of nonlinear flow regime on
different features that depict the conservativaiteotransport in a fracture network such as mean

travel time, dispersion, dual porosity behavioustribution of solute into different pathways.

Theoretical background

Nonlinear flow
In the literature different laws are reported thatount for the nonlinear relationship between
velocity and pressure gradient.
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A cubic extension of Darcy's law that describesguee loss versus flow rate for low flow rates is

the weak inertia equation:

2
_@:Eﬁwﬂgﬁ (1)
dx k 7,

Wherep (ML™T?) is the pressuré, (L) is the permeabilityy (ML™*T™) is the viscosityp (ML)

is the densityy (LT™) is the velocity ang/(L) is called the weak inertia factor.
In case of higher Reynolds numbers (Re >> 1) tlesqure losses pass from a weak inertial to a

strong inertial regime, described by the Forchheiesgiation (Forchheimer, 1901), given by:

—@:E
- k@/+p,8@2 (2)

WhereB (L™ is called the inertial resistance coefficientnon — Darcy coefficient.
Forchheimer law can be written in terms of hydmabkad:

—@:aﬂﬁ b’V (3)
dx

Wherea’ (TL™) andb’ (TL®) are the linear and inertial coefficient respeeivequal to:

a':i; b':ﬁ (4)

P9k g

In the same way the relationship between flow @té>T™) and hydraulic head gradient can be

written as:
_an_ a@+bM’ (5)
dx

Wherea (TL™®) andb (T?L) are related ta’ andb’:

a:i;b :L (6)
C()eq C()eq

Where aq (L% represents the equivalent cross sectional aréacifire.

Mobile Immobile Model
The mathematical formulation of the MIM for noneactive solute transport is usually given as

follows:



216

217
218
219
220
221

222
223
224

225

226
227

228

229
230

231

232

233
234
235
236

ac d’c, oc
m — D m -V m—a —_
at ax2 ax (Cm qm) (7)

OC _ _
,37 U(Cm Clm)

Wheret (T) is the timex (L) is the spatial coordinate along the directafrthe flow, ¢, andcim
(ML) are the cross - sectional averaged solute coratimts respectively in the mobile and
immobile domainy (LT™) is the average flow velocity al (L?T™) is the dispersion coefficient;
(T is the mass exchange coefficieff:] is the mobile water fraction. For a non — & solute

[ is equivalent to the ratio between the immobild arobile cross — sectional area (-).

The solution of system Equation (7) describing enelimensional (1d) non — reactive solute
transport in an infinite domain for instantaneoussp of solute injected at time zero at the origin
given by (Goltz & Roberts, 1986):

ca(xD=e"g(xY+af H(1r) ¢( xr) @ (8)

Where G, represents the analytical solution for the cladsadvection — dispersion equation (Crank,

1956):

(x—vt)2

(% 1) = e ot (9)

|VIO
W, 71Dt
WhereMo (M) is the mass of the tracer injected instantasBoat time zero at the origin of the

domain. The termH (t,r) presents the following expression:

2a
S r)ar rll(ﬂ Bt-1) rj

H(t,7)= B 10
(t7)=e B(t-1)r (10)

Wherel; represents the modified Bessel function of order 1

In order to fit the BTCs curves with the MIM modhE assumption of representative 1d lengdh (
of the fracture network should be made. Howeves thatter can be solved by the introduction of
the normalized velocityv(L) and normalized dispersio®AL?). The MIM model is defined by four

parameters regarding the whole fracture netwetl, O/L?, a, B).



237 Explicit Network Model
238 Assuming that a single fractujecan be represented by a 1d — pipe element, tlagiomship

239 between head losAh, (L) and flow rateQ; (L*T™Y can be written in finite terms on the basis of

240 Forchheimer model:

Ah

241 szan+bQ2:Aq=[}(a+ bQ)| Q (11)

J

242  Wherel; (L) is the length of fracturey (TL®) andb (T?L™®) are the Forchheimer parameters in finite
243 terms.

244 The term in the square brackets represents thetaase to flowR; (q) (TL™) of j fracture.

245 For steady — state condition and for a 2d simplengsry of the fracture network, the solution of
246 flow field can be obtained in a straightforward manapplying the first and second Kirchhoff's
247  laws.

248 The first law affirms that the algebraic sum ofWlan a network meeting at a point is zero:
249 Q=0 (12)

250 Whereas the second law affirms that the algebrait af the head losses along a closed loop of the

251 network is equal to zero:
252 ) Ah =0 (13)
j=1

253 Generally in a 2d fracture network, the single fiuae can be set in series and/or in parallel.

254  In particular the total resistance to flow of awetk in which the fractures are arranged in a chain

255 is found by simply adding up the resistance vabfdbe individual fractures.

256 In a parallel network the flow breaks up by flowitlgrough each parallel branch and re —
257 combining when the branches meet again. The temstance to flow is found by adding up the
258 reciprocals of the resistance values and then gakia reciprocal of the total. The flow rate cragsi

259 the generic fracturgbelonging to parallel circuit®; can be obtained as:



R
260 Q ZQ I_J (14)

n

ZR

261 Where ZQ( LT™) is the sum of the discharge flow evaluated fer fiacture intersection located

262 in correspondence of the inlet bond jofracture, whereas the term in brackets represtrds

263  probability of water distribution gffracturePq .

264 The BTC curves at the outlet of the netwq]rlk((t) (ML), for an instantaneous injection, can be
265 obtained as the summation of BTCs of each elemermath in the network. The latter can be
266 expressed as the convolution product of the prdibabdensity functions of residence times in each

267 individual fracture belonging to the elementarytpaidsing the convolution theorem out(t) can be

268 expressed as:

269 ¢, (t)= OF"{ZH } (15)

270 Where M, (M) is the injected mass of solutejs the Fourier transform operatd, is the number
271 of elementary pathsy; is the number of fractures inelementary pathP;; and s (Ij,t) (™Y

272 represent the fraction of solute crossing the sirigicture and the probability density function of

273 residence time respectively.

274  P.. can be estimated as the probability of the particnsition in correspondence of the inlet bond

C,j

275 of each individual single fracture. The rules fartgle transition through fracture intersectioteyp

276 an important role in mass transport. In literatsegeral models have been developed and tested in
277 order to represent the mass transfer within fractotersections. The simplest rule is represenyed b
278 the “perfect mixing model” in which the mass shgria proportional to the relative discharge flow
279 rates.

280 The perfect mixing model assumes that the prolglmfi particle transition of the fraction of solute

281 crossing the single fracture can be written as:

282 P =3 (16)

(ony] ZQ
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Where Q; represents the flow rate in the singlacture. Note that if assuming valid the perfect

mixing modelPq is equal tdP.;.

It is clear that in order to knowsj(lj,t) the transport model and consequently the transport

parameters of each single fracture need to be eiéfis](lj ,t) can be evaluated in a simple way

using the 1D analytical solution of the Advectiomsersion Equation model (ADE) for pulse

input:

(Ij —vjt)2

Qj e_ 4Dt (17)

si(l,t)=—F——
1N
weq’jﬂ/nDjt

in which the velocity; and dispersioml; relating to the genericfracture can be estimated through

the following expression:

_ 9
Vj —a)—J' (18)
€q, |
D, =a, v (19)
Where @, ; and g, ; are the equivalent crossing area and the dispewiefficient ofj fracture

respectively.

The ENM is defined by six parameters regarding esatile fractured, b, Pg, axq ai andPy).

Material and methods

Flow and tracer tests

The experimental setup has been already extensi®tyissed in Cherubini et al. (2013), however
for the completeness in this section a summargpented. The analysis of flow dynamics through
the selected path (Fig 2) regards the observatiamater flow from the upstream tank to the flow

cell with a circular cross-section of 0.1963 amd 1.28x18 m? respectively.

Initially at timety, the valvesa’ and ‘b’ are closed and the hydrostatic head in the flelis equal
to ho. The experiment begins with the opening of thee&’ which is reclosed when the hydraulic
head in the flow cell is equal tm. Finally the hydraulic head in the flow cell ispoeted tohg

through the opening of the valvie'.' The experiment procedure is repeated changiadhtfuraulic
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head of the upstream tahk The time At :(t1 —to) required to fill the flow cell fromh, to h has

been registered.

Given that the capacity of the upstream tank is mbiggher than that of the flow cell it is
reasonable to assume that during the experimemetdetiel of the upstream tankc) remains

constant. Under this hypothesis the flow insidesy&em is governed by the equation:
dh
Qa:r(Ah)(rg—r) (20)

WhereS, (L% andh (L) are respectively the section area and thedwldr head of the flow celh
(L) is the hydraulic head of upstream tardkAh) represents the hydraulic conductance term

representative of both hydraulic circuit and thiested path.

The average flow raté_D can be estimated by means of the volumetric method

= % 3
Q== (n=h) (21)

Whereas the average hydraulic head differeMags given by:
Ah=h _¥ (22)

In correspondence of the average flow rate and béBtence is it possible to evaluate the average
hydraulic conductance as:

T(an) =2 n[ o—h
r(Ah)_tl_to |n[hl_|1] (23)

The inverse off (Ah) represents the average resistarftmt ﬁ(@) .

The study of solute transport dynamics throughsetlected path has been carried out by means of a
tracer test using sodium chloride. Initially a hadlic head difference between the upstream tank
and downstream tank is imposed.tAt O the valved’ is closed and the hydrostatic head inside the
block is equal to the downstream tank.tAt 10 s the valvea’ is opened while at timé= 60 s a
mass of solute equal to 5%1@g is injected into the inlet port through a sgen The source release

time (1 s) is very small therefore the instantarsesaurce assumption can be considered valid.
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In correspondence of the flow cell in which the thuparametric probe is located it is possible to
measure the tracer breakthrough curve and the blydraead; in the meanwhile the flow rate
entering the system is measured by means of amsahiic velocimeter. For different flow rates a

BTC curve can be recorded at the outlet port.

Time moment analysis has been applied in ordeh&wacterize the BTC curves in terms of mean

breakthrough time, degree of spread and asymmetry.

The mean residence timigis given by:

J' t"c(t)dt
t =0

m

- (24)
jqom

The " normalized central moment of distribution of selebncentration versus time is defined as:

00

[[t=t.]"cvat
o =5 (25)

Tc(t)dt

The second moment, represents the degree of spread relativénytovhereas the degree of

asymmetry measured by the skewness coefficierdfinet as:
LN (26)
Discussion

Estimation of flow model parameters

The flow field in each single fracture of the netw@an be solved in analytical way by means of
Kirchhoff laws. In Figure 2 is represented the 2pipe network conceptualization.

The resistance to flow of each singl&acture is described by the Equation (12). ThecRleeimer
parameters are assumed constant for the wholeifeacetwork.

The application of the Kirchhoff’s first law at tim@de 3 can be written as:
Q-Q-Q=0 (27)

Whereas the application of the Kirchhoff's secoa ht the loop 3 — 4 — 5 — 6 can be written as:
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R(Q)Q-(R(Q)+ R(Q+ R Q) @0 (28)

Substituting Equation (27) into Equation (28) ttezative equation of flow rat®; can be obtained:

(29)

MZQ[ R(Q-d)+R(Q- @)+ R @& 9 ]
" OR(Q-Q)+R(Q- Q)+ R ¢ 9+ H §

The Forchheimer parameters representative of winabture network can be derived matching the
average resistance to flow derived experimentalith ihe resistance to flow evaluated for the

whole network:

R(O) = + N = _1"‘
R(Q=R(Q)+ B( Q (Rs Q) " R(Q+ R( I+ | Q] (30)
+R(Q)*+R(Q)+ R( Q

Figure 3 shows the fitting of observed resistanckow determined by the inverse of Equation (23)
and the theoretical resistance to flow (Equation 30e linear and nonlinear terms of Forchheimer
model in Equation (12) have been estimated and &heyespectively equal o= 7.345x10 sm®
andb = 11.65x18 &m®. It is evident that the 2d - pipe network modebselly matches the
experimental resultsr{ = 0.9913). Flow characteristics can be studied utinothe analysis of
Forchheimer number oFwhich represents the ratio of nonlinear to lindsdraulic gradient

contribution:

_bQ (31)
a

(0]

Inertial forces dominate over viscous ones at titeeal Forchheimer number {E1) corresponding
in our case to a flow rate equal@a;; = 6.30x1¢ m*/s, which is coherent with the results obtained

in the previous study (Cherubini et al., 2013a).

The term in square brackets in Equation (30) regmissthe probability of water distributidpy
evaluated for the branch 6. Note that it is notstant but it depends on the flow rate crossing the
parallel branch. Figure 4 showR, as function ofQy. The probability of water distribution
decreases as the injection flow rate increases. Mmiians that when the injection flow rate increases
the resistance to flow of the branch 6 increass®fahan the resistance to flow of the branch43 —

— 5 and therefore the solute choses the secondényway.
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Fitting of breakthrough curves and interpretation of estimated transport model
parameters

Several tests have been conducted in order to whsslute transport behaviour varying the
injection flow rate in the range 1.20%310 9.34x1¢° m’s™. For each experimental BTCs the mean
travel timety, and the coefficient of SkewneSfiave been estimated.

Figure 5 showd, as function ofQo Travel time decreases more slowly for high flowesa In
particular a change of slope is evident in corresience of the injection flow rate equal to 4%¥10
m®s? (Cherubini et al., 2013a), which means the settipgof a transitional flow regime; the
diagram of velocity profile is flattened becauseimértial forces prevailing on viscous one, as
already showed by Cherubini et al (2013a). Thegres of a transitional flow regime leads to a
delay on solute transport with respect to the \&alh@t can be obtained under the assumption of a

linear flow field. Note that this behaviour occieforeQgyi:.

The skewness coefficient does not exhibit a trgpahwarying the injection flow rate, but its mean
value is equal to 2.018. A positive value of skesmimdicates that BTCs are asymmetric with early
first arrival and long tail. This behaviour seemst o be dependent on the presence of the

transitional regime.

The measured breakthrough curves for different ftates have been individually fitted by MIM

(v/L D/1?, a, B) and ENM(

Ly O Py PC) models.

In particular for the ENM model the parameteus (equivalent area) and, are representative of
all fracture network, whereas the paramekysndPc are associated only to the parallel branches.

For the considered fracture network the Equati&) (lecomes:

o M, | REF(s)F(s)0F( 8)OF $)OR 90K 9+

Q| +(-R)F(s)F(s) DR 5) DR §)OR 90K 90 € 30 € &

The velocity and dispersion that characterize trabgbility density functiors are related to the

(32)

flow rate that crosses each branch by Equation¥ 408 (19). This one is equal to the injection

flow rate Qo except for branch 6 and branches 3 — 4 — 5 fochviti is equal toQ=R,Q and

Q=(1-R,) Q respectively.

Furthermore three parameter configurations haven btested for the ENM model. The

configurations are distinguished on the basis eftbmber of fitting parameters and assumptions
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made onP. and R, parameters. The first configuration named ENM2 twas fitting parameters

aq and ai. In this configuratiory, is imposed equal ¢}, and is derived as the square brackets

term in Equation (29).

The second configuration named ENM3 has threa@tpiarameterga, a. andR, (R,). R, is still

equal toR, but they are evaluated by the interpretation o€RTirves.

In the third configuration named ENM4 all four pm&sters(%q, a, Py, PC) are determined

through the fitting of BTCs.
To compare all the considered models, both therménation coefficient 1) and the root mean

square error (RMSE) were used as criteria to deterrthe goodness of the fitting, which can be

expressed as:

Z(Ci,o _C:l,e)2

r’=1-12 — (33)
;(Ci,o _C:I,O)

RMSE= \/%ZN;( G- G) (34)

WhereN is the number of observation§;. is the estimated concentratio@,, is the observed

concentration anttfi'O represents the mean value@p .

Tables 1, 2, 3 and 4 show the estimated valueaminpeters, root mean square error RMSE and the

determination coefficienfifor all the considered models varying the inletflrate Q.
Figure 6 shows the fitting results of BTC curvesddferent injection flow rates.

For higher flow rates (7.07xT0and 4.80 x18 m%s) the fitting is poorer than for lower flow rates
(3.21 x10° and 1.96x18 m%s). However, all models provide a satisfactoryirfg. The ENM4
model provides the highest values dfarying in the range 0.9921 — 1.000 and the sista¥ialues

of RMSE in the range 0.0033 — 0.0252. This is etgubtor two reasons. First this model has more
fitting parameters than ENM2 and ENM3, thus it isre flexible. Second, compared to MIM

model, it takes explicitly into account the preseo€the secondary path.
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The MIM model considers the existence of immobitd aobile domains and a rate — limited mass
transfer between these two domains. In the presemiext this conceptualization can be a weak
assumption especially for high flow rates when theportance of secondary path increases.
However the fitting of BTCs shows that MIM modehrains valid as it proves to describe the

observed curves quite well.

The extent of solute mixing can be assessed framattalysis of MIM first-order mass transfer

coefficienta and the fraction of mobile watgt

Several authors have observed the variation ofnhss-transfer coefficient between mobile and
immobile water regions with pore-water velocity iv@enuchten and Wierenga, 1977; Nkedi-Kizza
et al.,, 1984; De Smedt and Wierenga, 1984; De Sraedl., 1986; Schulin et al., 1987). The
increase ing with increasing water velocity is attributed to ey mixing in the mobile phase at

high pore water velocities (De Smedt and Wiereld@84) or to shorter diffusion path lengths as a
result of a decrease in the amount of immobile wat@n Genuchten and Wierenga, 1977).

As concernsf, various authors have observed different behavajuthe mobile water fraction
parameter. Gaudet et al. (1977) reported increasiolgile water content with increasing pore water
velocity. However, studies have also found tBatppears to be constant with varying pore-water
velocity (Nkedi-kizza et al. 1983). However, lowgrvalues can be attributed to faster initial
movement of the solute as it travels through aebsing number of faster flow paths. As a result,
some authors have relatgdvalues to the initial arrival of the solute. IrcfaGaudet et al. (1977)
and Selim and Ma (1995) observed that the mobileemfraction parameter affects the time of
initial appearance of the solute.

In general, the initial breakthrough time increaasg increases (Gao et al., 2009) which can also
be evidenced from Fig 6. For lower flow rates thigal arrival time is higher than for higher flow
rates. As the fraction of mobile water increasls,lireakthrough curves are shifted to longer times
because the solute is being transported througledand larger fractions of the fracture volume. In
the limiting case that the fraction of mobile wateaches one, the MIM reduces to the equilibrium
ADE (no immobile water) (Mulla & Strock, 2008).

The evidence of dual porosity behaviour on soltdaedport is clearly shown by the analysis of the
two MIM parameters: the ratio of mobile and immelsdireg3 and the mass exchange coefficient
shown in Figure 7 as a function of velocity.

A different behaviour of these two coefficientsviarying the injection flow rate is observed in the

present study. At Darcian-like flow conditions theass exchange coefficient remains constant,
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whereas the ratio of mobile and immobile area deme as velocity increases. When nonlinear
flow starts to become dominant a different behavisuwbservedo increases in a potential way,

whereag3 assumes a weakly growing trend as velocity in@geagth a mean value equal to 0.56.

In order to better explain this behaviour, the $gort time (reciprocal of normalized velocity) and
the exchange time (reciprocal of the exchange teamnying the flow rate for the MIM model are
showed in Figure 8. In analogous way in Figure 8hswed the comparison between the mean
travel time for the main path and the secondari patying the injection flow rate for the ENM4

model.

For the MIM model at high flow rates the exchanigeetjoins the transport time; analogously for
the ENM4 as the flow rate increases the secondatly ppaches the main path in terms of mean
travel time. This analogy between MIM and ENM ertesithe concept that the mass transfer

coefficient is dependent on flow velocity.

In Darcian-like flow conditions the main path isndimant on the secondary path. The latter can be
considered as an immobile zone. In this conditlenftacture network behaves as a single fracture
and the observed dual porosity behaviour can bebuathble only to the fracture — matrix

interactions of the main path.

For higher velocities, a higher contact area betwbe mobile and immobile region is evidenced,
enhancing solute mixing between these two regi@aso(et al, 2009). The increase anwith
increasing water velocity is therefore attributabdenonlinear flow that enhances the exchange
between the main and secondary flow paths. Inargake injection flow rate the importance of the
secondary path grows and the latter cannot be deresl as an immobile zone, as a consequence

the dual porosity behaviour becomes stronger.

As showed in figure 10 and B} as function ofQ, evaluated by means the fitting of BTCs by
ENM3 and ENM4 models presents a different trengheesto R, determined by means of flow
tests. R, evaluated by transport tests decreases more yagiiedh R, determined by flow tests
(Figure 10). In the ENM4 modeF, and R, show a different behaviour, especially for higher
velocity R, presents values higher thdy (Figure 11). In other words the interpretationBafC
curves evidences more enhanced nonlinear flow betiathan the flow tests.

In Figure 12 is reported the relationship betweeloaity v and injection flow rat€), . Note that, in

order to compare the results, the velocities foMVdre evaluated assuming the length of the
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medium equal to the length of main path (L = 0.69)1 Instead for ENM4 model the velocities are
evaluated dividingQo for the equivalent areax, The models present the same behaviour, and
similarly to the mean travel time a change of slgpevident again in correspondence of flow rate
equal to 4x18 m’s™. This result confirms the fact that the preserfoeomlinear flow regime leads

to a delay on solute transport with respect tovédaes that can be obtained under the assumption of

a linear flow field.

In order to better represent the nonlinear flowimesg Figure 13 shows water pressure as a function
of velocity. A change of slope is evident fo= 1.5x107 ms" which corresponds to the flow rate

equal to 4x18 m’s™.

Moreover as shown in Figure 14 a linear trend gpdrsion with the injection flow rate both for
MIM and ENM models has been observed. This is aattewith what obtained in the previous
study (Cherubini et al. 2013a) where a linear refeship is found between velocity and dispersion
both for ADE and MIM models with the conclusion thgeometrical dispersion dominated the
effects of Aris — Taylor dispersion. The valuestlod coefficient of dispersion obtained for ENM
models do not depend on flow velocity but assunsomehow scattered but fluctuating value.

Being a, values constant, geometrical dispersion domindtes mixing processes along the

fracture network. Therefore, the presence of aineafl flow regime does not prove to exert any
influence on dispersion except for high velocities the ENM model where a weak transitional
regime appears.

This does not happen for MIM dispersion values weh@ges of increase are smaller than those of
ENM dispersion values.

The values of dispersion coefficient are in ordEmagnitude of decimeter, which is comparable
with the values obtained for darcian condition (@& al, 2011), and the dispersion values of MIM
are much lower than those of ENM.

This may be attributable to the fact that the Mlikparates solute spreading into dispersion in
mobile region and mobile-immobile mass transfere @spersive effect is therefore partially taken
into account by the mass transfer between the mabihe and the immobile zone (Qian et al, 2011;
Gao et al, 2009).

Conclusion

Flow and tracer test experiments have been caouécdh a fracture network. The aim of the present
study is that of comparing the performances andbidties of two model paradigms: the Mobile -
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Immobile Model (MIM) and the Explicit Network Mod€ENM) to describe conservative tracer

transport in a fractured rock sample.

Fluid flow experiments show a not negligible noekin behaviour of flow best described by the
Forchheimer law. The solution of the flow field feach single fracture highlights that the
probabilities of water distribution between the mand the secondary path are not constant but
decrease as the injection flow rate increases.thierowords varying the injection flow rate the

conductance of the main path decreases more rapigiythe conductance of the secondary path.

The BTCs curves determined by transport experimeat® been fitted by MIM model and three
versions of ENM model (ENM2, ENM3, ENM4) which diff on the basis of the assumptions made
on the parametef3y andPc. All models show a satisfactory fitting. The ENMbdel provides the
best fit which is expectable because it has mdtiedi parameters than ENM2 and ENMS, thus it is
more flexible. Secondly, compared to MIM modeltakes explicitly into account the presence of
the secondary path. Furthermore for the ENM mobel parametePq decreases more rapidly
varying the injection flow rate than the same pandetermined by flow tests. The relationship
between transport time and exchange time for MIMledl@nd mean travel time for main path and
secondary path for the ENM4 model varying the itgec flow rate has shown similarity of
behaviour: for higher values of flow rate the diffiece between transport time and exchange time
decreases and the secondary path reaches the athimpgerms of mean travel time. This analogy
between MIM and ENM explains the fact that the m@aassfer coefficient is dependent on flow
velocity. The mass transfer coefficient increasethe importance of secondary path over the main

path increases.

The velocity values evaluated for MIM and ENM mod#low the same relationship with the
injection flow rate. In particular a change of "ois evident in correspondence of the flow rate
equal to 4 x18 m°s™. This behaviour occurs before the critical flower@stimated by flow tests
equal to 6.3x18 m’s'. Therefore the interpretation of BTCs curves emids more enhanced
nonlinear behaviour than flow tests. These restdtdirm the fact that the presence of transitional
flow regime leads to a delay on solute transpothwespect to the values that can be obtained

under the assumption of a linear flow field (Chenulet al., 2013a).

As concerns dispersion, a linear trend varyingvilecity for both MIM and ENM models has been
observed -coherently with the previous results- gf@hini et al., 2013a), the MIM model

underestimating the dispersion respect to ENM4 mode
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The dispersivity values obtained for ENM modelsrdit depend on flow velocity but assume a

somehow scattered but fluctuating value. Beiag values constant, geometrical dispersion

dominates the mixing processes along the fractaterark. Therefore, the presence of a nonlinear
flow regime does not prove to exert any influencedispersion except for high velocities for the
ENM model where a weak transitional regime seenapfeear. This result demonstrates that for our

experiment geometrical dispersion still dominatagldr dispersion.

A major challenge for tracer tests modeling in fvaed media is the adequate choice of the

modeling approach for each different study scale.

When dealing with large scales, tracer tests bhealigh curves are generally modeled by a

relatively small number of model parameters (Begkat Shapiro, 2000).

At laboratory scale, the definition of the netwark fractures by means of discrete approaches
(DEN) can permit to identify transport pathways andss transport coefficients, in order to better

define heterogeneous advective phenomena (Cheretbial, 2013Db).

At an intermediate local field scale (1-100m), rgmition that heterogeneous environments contain
fast and slow paths led to the development of tie kdrmulation applied successfully in a variety
of hydrogeologic settings. However, the assumedoigl partitioning into flowing and not-flowing
zones is not an accurate representation of theveleeity field (Gao et al., 2009). Especially when
the rock mass is sparsely fractured, the breakgir@urves are characterized by early breakthrough
and long tailing behaviour and a simple mobile-inme conceptualization may be an over

simplification of the physical transport phenomenon

Solute transport in fractured aquifers characteribg highly non-Fickian behaviour is therefore
better described by an Explicit Network Model rattiean by a simple MIM. Applying a discrete
model in such a case can permit to determine ifspart occurs through one or several fractures
and if multiple arrivals are caused by fractureshegeneity, in such a way as to yield a more robust

interpretation of the subsurface transport regime.

In such a context, geophysical imaging may prodeiled information about subsurface structure

and dynamics (Dorn et al, 2012).
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684

MIM 1
n° Q(m¥s)x10°  v/L(sH)x10%  D/L?(sYx10? a (sY)x102 B () RMSE r?

1 1.319 073 £+ 005 015+ 001 (43 + gpg9 095+ 014 0022 0.979
5 2.209 1.05 + 0.05 0.16 + 001 (5o £ g12 051 £ 0.07 0.021 0.991
10 2.731 1.26 + 0.05 018 + 0.01 (gop * 012 051 + 006  0.021 0.994
15 3.084 1.74 + 0.06 019 + 0.01 4103 * g1 056 * 0.05 0.023 0.995
20 3.365 1.75 + 0.06 020 + 0.01 106 * 017 0.54 £ 005  0.022 0.996
25 3.681 249 + 010 025+ 0.02 17 % 032 051+ 006 0.030 0.995
30 4.074 257 £ 011 026 + 0.02 167 * 035 050 % 0.06 0.033 0.994
35 4.536 225+ 0.09 021 + 002 158% 929 057+ 0.06 0.031 0.994
40 5.382 320 £ 013 026 + 0.02 9268 * 044 0.61 = 0.06 0.035 0.994
45 5.895 332+ 015 026 + 002 98 * o509 0.57 = 0.06 0.036 0.995
50 6.168 302 £ 015 026 + 0.02 950 % g5z 051 = 0.07 0.031 0.996
55 8.345 354 + 029 035+ 004 305 107 041+ 011  0.038 0.995

686  Table 1. Estimated values of parameters, root mean sgre error RMSE and determination coefficient ¥ for mobile —
687  immobile model MIM at different injection flow rate s in the fractured medium.

ENM 2
n° Q(M’s)x10°  woq (M)x10* a, (m)x10t RMSE R?

1 1.3194 310 £ 014 192 + 086  0.033 0.952
5 2.2090 322 + 0.04 098 + 006 0.020 0.993
10 2.7312 329 £ 0.04 092 + 005 0.019 0.995
15 3.0842 2.81 £+ 0.03 079 + 0.03 0.020 0.996
20 3.3648 3.06 + 0.03 079 + 0.03 0.019 0.997
25 3.6813 235 £ 0.02 074 + 003 0.026 0.996
30 4.0735 249 £ 0.02 075 + 0.03  0.027 0.996
35 4.5356 327 + 0.04 074 + 004 0.028 0.995
40 5.3824 276 £ 0.02 075 + 0.02  0.023 0.998
45 5.8945 2.90 £ 0.02 069 + 0.02  0.027 0.997
50 6.1684 330 £ 0.04 068 + 0.02 0.032 0.995
55 8.3455 356 + 0.05 078 + 002  0.041 0.994

689 Table 2. Estimated values of parameters, root mean sgre error RMSE and determination coefficient ? for ENM2 at
690 different injection flow rates in the fractured medium.
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ENM 3

n° Q(M’s)x10°  woq (MH)x10* a, (m)x10t Po/Pc (-) RMSE R?

1 1.319 343 £ 198 192 £ 086 0.82 + 017 0.032 0.954
5 2.209 318 + 911 098 + 006 0.76 + 0.02  0.020 0.993
10 2.731 328 £ gpgg 092 £ 005 075+ 002 0019 0.995
15 3.084 273 + gpos 079 + 003 073 + 001  0.019 0.997
20 3.365 294 £ gos 079 £ 003 072 + 001 0017 0.997
25 3.681 222 + gpsa 074 + 003 071 + 001  0.023 0.997
30 4.074 237 £ go4 075+ 003 071+ 001 0025 0.997
35 4.536 313 + gpg 0.74 + 004 071 + 001  0.026 0.995
40 5.382 261 £ go3 075 £ 002 070 + 0.01  0.016 0.999
45 5.895 270 + gp3 0.69 + 002 068 + 001 0.016 0.999
50 6.168 298 £ gp3 068 £ 002 066 + 001 0017 0.999
55 8.345 313 + gp2 0.78 + 002 063 + 001 0.016 0.999

699 Table 3. Estimated values of parameters, root mean egre error RMSE and determination coefficient # for ENM3 at
700 different injection flow rates in the fractured medium.

ENM 4
n° Q(M¥s)x10°  weq(M)x10* @, (m)x10-1 Po () Pc () RMSE R?

1 1.319 267 + 013 118 + 011 0.85 + 0.02 067 + 0.02 0.020 0.981
5 2.209 315 + 012 0.96 + 0.07 0.76 + 0.02 0.75 + 0.03 0.020 0.993
10 2.731 328 + 010 092 + 006 0.75 + 0.02 0.76 + 0.02 0.019 0.995
15 3.084 274 + 0.06 0.80 + 0.04 0.73 + 0.01 0.74 + 0.02 0.019 0.997
20 3.365 297 + 0.06 0.81 + 004 072+ 001 073+ 0.02 0.017 0.997
25 3.681 228 + 0.05 0.80 + 0.04 0.70 + 0.01 0.74 + 0.02  0.020 0.998
30 4.074 243 + 0.06 0.80 + 0.04 0.71 + 001 0.74 + 0.02 0.022 0.997
35 4.536 3.18 + 0.08 0.76 + 0.05 0.71 + 0.01 0.73 + 0.02  0.025 0.996
40 5.382 2.62 + 0.04 0.76 + 0.03 0.70 + 0.01 0.70 + 0.01  0.016 0.999
45 5.895 276 + 0.03 0.73 + 0.02 068 + 001 071 + 0.01  0.014 0.999
50 6.168 312 + 0.04 0.76 + 0.02 066 + 001 071 + 0.01  0.012 0.999
55 8.345 346 + 0.02 096 + 001 063 + 0.00 073+ 0.01L 0.003 1.000

701  Table 4. Estimated values of parameters, root mean sgre error RMSE and determination coefficient # for ENM4 at
702  different injection flow rates in the fractured medium.
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708 Figure 1. Schematic diagram of experimental setup.

709

710  Figure 2. 2d pipe network conceptualization of théractured medium.
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712 Figure 3. Average resistance to flow versus inject flow rate Q, (m’s). The circles represent the experimental valueshe
713  straight line represents the resistance to flow elzated by equation (31).
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715  Figure 4. Probability of water distribution evaluated for main path P, versus injection flow rate Q (m¥s).
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717  Figure 5. Mean travel time t, (s) versus injection flow rate @ (m®/s).
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719 Figure 6. Fitting of breakthrough curves at different injection flow rates using each of the four mods (MIM, ENM1, ENM2,
720  ENM3).
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724 Figure 7. Immobile — mobile ratio @) as function of normalized velocity v/L (8) for MIM model. An outlier is evidenced for

725  v/iL=0,028 &
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727 Figure 8. Transport time (L/v) (reciprocal of normalized velocity) and exchange time (&) (reciprocal of the exchange term)
728  as function of injection flow rate Q, (m%s) for mobile - immobile model MIM.
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730 Figure 9. Travel time for main path t,,; (s) and travel time for secondary path t, (s) for ENM4 as function of injection flow

731  rate Q, (m¥s).
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734 Figure 10. Comparison between the Probability of wir distribution P 5 evaluated as the square brackets term in Equation

7%2 (29 ) (straight line) and the probability of particle transition Pc(Pg) for ENM3 (circle) varying the injection flow rate Qg
7 (m¥s).
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738 Figure 11. Comparison between the Probability of wir distribution P o evaluated by the flow model (straight line) and th
739 probability of particle transition P . (square) and R (circle) for ENM4 varying the injection flow rate Qg (m¥s).
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741 Figure 12. velocityv (m/s) as function of the injection flow rate @ (m¥s) for MIM and ENM4 models. Note that for MIM
742 model thev is determined assuming the length of medium equab the length of main path { = 0.601 m). Instead for the
743 ENM4 model the velocity is determined dividing @ for the equivalent areac
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746 Figure 13. difference of pressurdP (Pa) as function of velocity v (m/s) for ENM4. Th velocity is determined dividing Q for
747  the equivalent area,
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750 Figure 14. Dispersion D (m¥s) as function of velocity for MIM and ENM4 models.Note that for MIM model D is determined
751 assuming the length of the medium equal to the letly of the main path (I=0.601 m). Instead for ENM4 mdel D is
752  determined as D=Q[@, /g



