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Abstract

Anomalous transport in fractured rocks is of high importance for numerous research fields
and applications in hydrogeology and has been widely studied in the last decades. This phe-
nomenon is due to the structural heterogeneities of fractured rocks and the high contrast
between the fractures and matrix properties. At the same time, the fracture properties in
terms of fracture density and geometrical characteristics are related to in-situ stress condi-
tions that impact the connectivity of the system and the distributions of fracture aperture
and length, including the creation of new cracks when the differential stress conditions are
strong enough. In order to understand how all these features impact the observed anomalous
transport, we study the role of in-situ stress in mass transport through a two-dimensional
fractured rock. The fracture network is based on a real outcrop with a connectivity state
around the percolation threshold, over which we simulate stress-dependent fracture defor-
mation and propagation, and perform hydrodynamic transport through the deformed rock
mass. The impact of the changes in aperture and the creation of new cracks on transport
behavior is evaluated for various stress scenarios and reproduced with upscaled represen-
tations of transport processes. We also consider matrix diffusion as a source of anomalous

transport and demonstrate that this process can be incorporated into the proposed upscaled
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models. Resutls showed that traditional upscaling methods with space-Lagrangian veloci-
ties description capture well the Gaussian-like breakthrough curves (BTCs) under low-stress
ratio conditions, but fail under high-stress ratio conditions with multiple-peak early-times
BTCs. To characterize the emergence of strong anomalous transport, we extend the Ran-
dom Walk model Directed by a Markov Process with space-Lagrangian velocity sampling
by incorporating multiple transition matrices conditioned by different initial velocity states.
This new transport upscaling model shows high accuracy in predicting complex transport

behaviors in critically connected fracture networks.

Keywords: anomalous transport, natural fracture network, in-situ stress, fracture network

topology, particle tracking, upscaling

Highlights
e High-stress conditions lead to multiple-peak early-times anomalous transport behavior
e Traditional upscaling methods fail to reproduce this anomalous transport behavior

e A new upscaling method succeeds in reproducing fracture networks anomalous trans-

port

e This method reproduces high-stress and matrix diffusion anomalous transport behavior

1. Introduction

Flow and solute transport in heterogeneous fracture systems have become an impor-
tant research subject in the past decades as the accurate characterization and prediction
of flow and transport behaviors are involved in various engineering applications, such as

groundwater remediation, geological storage of carbon dioxide, geothermal development,
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and nuclear waste disposal [e.g., Tran et al., 2021, Yoo et al., 2021, Wang et al., 2023, Liu
et al., 2022]. However, due to the fact that fractures exist at all scales, it seems impossible to
accurately capture the transport behaviors based on the fine description of discrete fracture
network (DEFN) modeling for all scenarios of fracture systems, especially at a large scale.
The potential uncertainty in the characterization of fractured media greatly challenges the
practical value of DFN modeling [e.g., Demirel et al., 2019, Dorn et al., 2012, Zhou et al.,
2021, Gattinoni and Scesi, 2018]. Therefore, developing upscaling methods, that are able
to parameterize the transport model with a few characteristic parameters and be used for
multi-scale prediction, has attracted increasing interest.

For the non-reactive solute (i.e., tracers) at the Darcy scale, the advection-dispersion
equation (ADE) is the traditional approach to characterize the flow and transport behaviors
when the breakthrough curves (BTC) exhibit a diffusion-like (Fickian) process [Bear, 2013].
However, the traditional approach is not always valid due to the emergence of anomalous
(non-Fickian) transport with the BTCs characterized by early arrivals and long tails. The
anomalous transport behaviors have been observed at various scales, from pore to single
fracture and rock core column, and finally to field scale [e.g., Cortis and Berkowitz, 2004,
Kang et al., 2015b, 2016, Gouze et al., 2020, 2023]. Therefore, some alternative models
have been developed to address this issue [e.g., Berkowitz, 2002, Neuman, 2005, Noetinger
et al., 2016]. Methods relying on the displacement of particles are particularly well suited
for this matter. It includes random walk (RW) simulations that sample from fitted velocity
distributions to reproduce the particle spreading pattern in two-dimensional DFNs, contin-
uous time-random walk (CTRW) formalism that provides semi-analytical results for plume
evolution, and Markov-directed random walk (MDRW) method that considers the necessity
of sequential correlation along the trajectory [Berkowitz and Scher, 1997, 1998, Painter and
Cvetkovic, 2005, Smith and Schwartz, 1984]. More recently, a spatial Markov model has also

been used to develop a correlated CTRW model, which successfully characterizes the impact
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of velocity distribution and correlation on transport in theoretical and field-scale fractured
media [Kang et al., 2011, 2015a,b]. In addition, some alternative models are developed to fit
BTCs by modifying the traditional advection-dispersion equation such as Mobile-Immobile
(MI) model, Multiple Rate (MR) model and Multiple Region Advection-Dispersion (MRAD)
model, which have shown a good ability to reproduce breakthrough curves obtained from the
laboratory experiments [Majdalani et al., 2015, Wang et al., 2020] or numerical simulations
[Davit et al., 2010, Cherblanc et al., 2007] via a proper parameter tuning. In addition to
these alternative transport models, the importance of heterogeneities and uncertainties in
stochastic quantification and modeling has been underlined in several studies [Riva et al.,
2008, Schiavo, 2023].

Although the existing transport models successfully predict anomalous transport through
DFNs, the rock heterogeneity in most of those works is generated randomly, both in terms
of the geometric topology of the fracture network and the aperture distribution [Kang et al.,
2015a, 2017, Painter and Cvetkovic, 2005]. In reality, subsurface fractures are inevitably
subject to in-situ ground stress which is the essential factor in determining fracture aperture.
Previous studies regarding the mechanical simulations of fractured rocks have indicated that
the presence of fracture networks may lead to a non-uniform distribution of local stresses,
which in turn produces various geomechanical responses to fractures, such as varying degrees
of normal closure, shear sliding, dilatancy and crack propagation [Baghbanan and Jing, 2008,
Lei and Gao, 2018, Liu et al., 2018, Min et al., 2004]. Consequently, hydraulic properties (i.e.,
flow distribution and bulk permeability) of the stress-controlled fractured rocks are affected,
where the shear dilation under an anisotropic stress condition may lead to highly localized
flows and increase the bulk permeability [Lei et al., 2017a, Min et al., 2004]. Recently,
our study further shows that crack propagation induced by shearing may expand the flow
backbone network and reduce the flow localization, and then significantly enhance the bulk

permeability [Jiang et al., 2019]. In other studies, the impact of in-situ stress on anomalous
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transport is investigated for single in-situ stress scenarios through studies that either focus
on the importance of fracture growth [Nick et al., 2011] or consider dense fracture networks
at the representative elementary volume scale [Rutqvist et al., 2013, Zhao et al., 2013].
Systematic analysis of various in-situ stress regimes is conducted in 2D and 3D fracture
networks [Kang et al., 2019, Sweeney and Hyman, 2020, Zhao et al., 2011], whose transport
properties are upscaled with a new dual-correlation-length CTRW approach in Kang et al.
[2019] without considering the impact of matrix diffusion. The latter studies are based
on the assumption of no stress-driven crack growth that holds in well-connected fracture
networks, for which in-situ stress loading mainly causes the deformation of pre-existing
fractures. However, this assumption is questionable when working with fracture networks
whose connectivity is close to the percolation threshold, which is often observed in realistic
domains [Lei and Wang, 2016, Renshaw, 1997].

In order to fully explore the impact of in-situ stress on anomalous transport in realistic
fracture networks, we apply various stress conditions on critically-connected fracture net-
works that are based on a real outcrop. The role of stress-driven crack growth is considered
and the effects of the stress orientation and magnitude on anomalous transport behavior are
analyzed. The results presented in this work show the need for a new upscaling method that
is provided to represent the observed anomalous transport behavior compared to existing
models. The impact of matrix diffusion on anomalous transport in the considered stress
scenarios is also illustrated and added to the proposed upscaling method.

This paper is organized as follows. The methodology of this work, including the consid-
ered fracture network, the geomechanical, fluid flow and transport models, and the upscal-
ing method, is described in Section 2. The results of the numerical simulations in terms of
anomalous transport with and without the effect of stress-driven new cracks are presented
with the comparison of different upscaling models in Section 3. Finally, discussion and

conclusions are provided in Section 4.
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2. Methodology

2.1. Fracture network and geomechanical models

We consider the well-known outcrop collected at the Hornelen Basin in Norway [Odling,
1997] that corresponds to a critically connected network [Bour and Davy, 1997, Lei and
Gao, 2018] characterized by three major fracture sets of orientation 5°, 50°, and 120° (Figure
1). The geometric connectivity of a fracture network can be characterized by a statistical
parameter, i.e, the percolation parameter, p = % >"12, where L is the modeling domain
length and [ is the length of individual fractures. A higher p means a more connected fracture
network and the network is statistically connected once p exceeds the percolation threshold
Pe, which may have a scale-independent value around 5.8 [Bour and Davy, 1997]. Here,
the studied fracture network has a p of 5.6, which is critically connected. The fractured
rock is a Devonian age sandstone consisting of more than 2000 joints, which are mostly
perpendicular to the bedding plane. The readers can refer to numerous existing studies
to gather information about the geometrical distribution of the fractures [Berkowitz et al.,
2000, Bour, 2002] and the system behaviors in terms of stress variability [Lei and Gao, 2019],
fluid flow [Jiang et al., 2019, Odling, 2001], and thermal transport [Geiger and Emmanuel,
2010].

For the geomechanical modeling, we use the same methodology as in geomechanical work
previously conducted on this 2D fracture network [Lei and Gao, 2019, Jiang et al., 2019]
where the relevant equations and settings of material properties, as well as the implemen-
tation, can be found in detail. Here, we consider the stress loading directions 6 = 50°,
80°, 120°, and 150° (Figure 1a), which are denoted Configl, Config2, Config3, and Config4,
respectively. The stress loading directions are aligned with one of the major fracture sets
for Configl and Config3, and in between the main fracture set orientations for Config2 and
Config4. We also consider various stress conditions that have been defined in Jiang et al.

[2019]. These conditions are reported in Table 1 and applied to each configuration.
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Isol | Iso2 | Anisl | Anis2 | Anis3
Smin 0 5 5 5 5
Snax 0 5 10 15 20

Table 1: Isotropic (Isol and Iso2) and anisotropic (Anisi, Anis2, and Anis3) stress scenarios considered
with Sphax the strength applied in the loading direction and Sy, in the orthogonal direction, both expressed
in MPa.

(a) Geomechanics (b) Fluid flow (c) Particle tracking (d) Upscaling

Flow backbone

Impervious
=T = URW
(<5} (<5}
= =
2 L
E E MDRW
S ©
2 2
= 2 Multi-M MDRW
— o
Tl | J

* Location to release particles

Impervious

e Particles (number: 105)
Figure 1: Modeling steps and boundary conditions for the (a) geomechanical, (b) fluid flow, (c) particle

tracking, and (d) upscaling models, the latter being named Upscaled Random Walk (URW), Markov-Directed
Random Walk (MDRW) and Multiple Matrices MDRW (Multi-M MDRW).

2.2. Hydrodynamic transport models

As done in numerous existing studies [e.g., Demirel et al., 2019, de Dreuzy et al., 2001,
Roubinet et al., 2020], the fluid flow simulation is conducted by solving laminar and incom-
pressible Darcy-type flow in fractured media with the fracture permeability governed by the
cubic law [Witherspoon et al., 1980]. Here, we assume that the rock matrix is impervious
to fluid flow, such that flow and advective transport only occur within the fractures while
diffusion is considered in the rock matrix [Zhao et al., 2011]. A constant macroscopic hy-
draulic gradient is imposed by setting the hydraulic head on the left (x = 0 m) and right
(x = L, L being the domain size set to 18 m) boundaries to 0 m and 18 m, respectively, and
by prescribing no-flow conditions to the top and bottom boundaries (Figure 1b). Both fluid
flow and particle tracking simulations are based on the flow backbone fractures where the
dead ends are removed (Figure 1c). The fracture flow rate between nodes i and j is defined

as Qi = 0pgag;(hy — h;)/(12pl;;) where § is the thickness of the fractured rock (assumed to
7
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be 1 m for convenience), a;; the local aperture, hy, the hydraulic head at node k (k =1, j), l;;
the length between nodes i and j, p the fluid density, u the fluid dynamic viscosity, and g the
gravitational acceleration. The hydraulic head at each node is computed by imposing mass
conservation and the flow velocity between nodes 7 and j is computed as u;; = @Q;;/ (ai; X 9).

Solute transport in the fracture network is modeled by injecting 10° particles on the left
border of the domain, that migrate through the fracture network by advection until reaching
the right border of the domain (Figure 1c). The effect of matrix diffusion is considered by
introducing a retention time tgg added to the advection time based on the assumption of
infinite matrix [Painter and Cvetkovic, 2005, Roubinet et al., 2010):

2
taig = (%%) ) (1)

where ¢, is the matrix porosity, D,, the molecular diffusion coefficient, b the half aperture
of the fracture, and a = erfc™*(U10, 1]) with U[0, 1] being a uniform random number drawn
between 0 and 1. At fracture intersections, we apply a complete mixing rule where the
probability for a particle exiting an outgoing link is proportional to the flow rate through
that link. The solute spreading behavior across the entire domain is quantified by the
breakthrough curve recorded at the outlet of the domain and defined as the probability
density function (PDF) of particle arrival time 7, on the right side of the domain. The
results presented in this work are obtained by considering ¢,, = 0.05 and D, = 1078 m?/s,
and we verified that the same results are obtained for 10° and 10° particles, ensuring that

the number of particles is high enough to correctly sample the considered domains.

2.3. Upscaled transport models

We consider existing upscaled transport models that are based on a set of spatial and
temporal jumps, which are recorded during the fracture-network scale simulations. The 1D

upscaled simulations are run by sampling into this database of spatial jumps until the sum of

8



152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

these jumps exceeds the domain size L, and the predicted breakthrough time is expressed as
the sum of the corresponding time steps. Among the existing upscaled transport models, we
consider the Upscaled Random Walk (URW) and Markov-Directed Random Walk (MDRW)
methods that are based on space-Lagrangian velocity statistics [Kang et al., 2017, 2019] and
sequential velocity correlation [Painter and Cvetkovic, 2005], respectively. We also consider
that the URW method can rely on a standard database (URW-std), with sampling from
the segments discretized for flow and transport simulations [Painter and Cvetkovic, 2005],
and on a modified database (URW-mod), which is defined to record the data by space-
Lagrangian velocities with a fixed space lag Az’ [Kang et al., 2019]. These methods are
used in Section 3.3 to reproduce the transport behavior described in Sections 3.1 and 3.2
considering the average length 0.05 m for the standard database sampling and Az’ = 0.5 m
for the modified database.

As these methods fail to reproduce some of the anomalous transport behavior provided
in Section 3, we suggest two improvements of MDRW method. (i) The modified database
usually considered with URW method is used with the MDRW method, leading then to
the distinction between MDRW-std and MDRW-mod methods using standard and modified
database, respectively. Note that in both cases, the number of velocity states is N, = 10
for the results provided in Section 3.3. (ii) We consider that the first velocity experienced
by the particles, i.e., the velocity of the fracture segment in which the particle is injected, is
a determinant information for the particle trajectories. From this statement, we propose an
alternative method that is called Multi-M MDRW and rely on multiple transition matrices
according to the initial space-Lagrangian velocities. To do this, the initial velocity probabil-
ity V' defining the first velocity that is associated with the particles is recorded with Vj, the
probability of traveling with velocity vy. When running the Multi-M MDRW method, the
initial state of the particles is determined from V' and the corresponding transition matrix

Ay, conditioned by the initial state vy is used to determine the next flow velocities. After
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assigning the initial velocity vy from probability V', the particles move along a 1D line with
the constant spatial step Az’ and time step At’ = Az’/vg, and the next velocities v are
defined from the correlation matrix A; at each jump, as in the existing MDRW method.
Following the formulation used for MDRW method, the successive motion distribution of

Multi-M MDRW is expressed as

f (AT, ATy, -+ (AT =

n

(2)
S FAT[S)Ps, Y f(ATS]S2) Agys, [S1--- Y (AT, ] S0) As, s, | St

S1€8 Sae8 Snes

where f(A7’ | S) is the probability density function of A7’ for a particle being at state S
and Pg, the probability of being at state 5.

The impact of diffusion in the matrix domain is added to the above framework by sam-
pling the retention time from expression (1) at every sampling of space-Lagrangian velocity
v. Note that the computation of ¢4 is simplified by considering the mean aperture of the

fracture network.

3. Results

3.1. Impact of stress-induced aperture changes

Figure 2 shows the BTCs that are obtained by running the particle-tracking method
described in Section 2.2 at the fracture-network scale on the domains defined in Section 2.1.
Matrix diffusion is not considered yet and will be analyzed separately in Section 3.4. The
fracture aperture is initially set to the constant value of 0.1 mm and heterogeneous stress-
induced aperture fields are obtained for the stress scenarios described in Table 1 by applying
the geomechanical model described in Section 2.1. In order to focus on the impact of the
changes in aperture, the growth of new cracks is not considered in the present section and is

studied in Section 3.2. The results shown in Figure 2 are normalized by the peak arrival time
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of the reference zero-stress configuration, denoted Iso! (Table 1). Furthermore, additional
results are shown in Figures 3 and 4. Figure 3 shows the changes in aperture and particle
trajectories due to the stress scenarios applied to the system with (i) the mean aperture
of the three major fracture sets for the different stress scenarios normalized by that of the
reference case with no stress (Figures 3a-d), and (ii) contribution of the three major fracture
sets to transport defined as the time spent by the particles in each fracture set normalized
by the time spent in all fracture sets. The contribution to transport is also normalized by
that of the reference case (Figures 3e-h). Finally, Figure 4 shows the spatial distribution
along the outlet border (right border) of the proportion of particles exiting the system for
different anisotropic-stress cases. Note that we discuss here the impact of the different stress
scenarios and orientation on the transport behavior. The reader can refer to Jiang et al.

[2019] for an analysis of the fracture length and orientation and their impact on the BTCs.

Applying the isotropic stress condition Iso2 results in a simple delay in the arrival times of
particles in comparison with the reference case Isol without stress condition (Figure 2). The
shapes of the curves are similar (from orange to green curves), which is consistent with the
observations made in previous studies [Zhao et al., 2011, Kang et al., 2019]. This is because
the closure in the fracture aperture under isotropic stress is controlled by normal compression
while the shearing effect is negligible [Jiang et al., 2019]. This is also shown in Figure 3 where
we observe that the mean aperture b uniformly decreases over the three major fracture sets
when applying isotropic stress (Iso2), since we observe the same value of b, that is smaller
than 1, for the fracture sets 5°, 50° and 120° for all the considered configurations of stress
orientation (green curves in Figures 3a-d). This results in no changes in the contribution
of the main fracture sets to transport (the same value of ~1 for all fracture sets, green
curves in Figures 3e-h) and explains the overall delay observed in the BTCs for case [so2.

Note that the shape of BTCs exhibits a Gaussian-like distribution, which is similar to the
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Figure 2: Breakthrough curves for the stress scenarios described in Table 1 without stress-driven crack
growth and for the stress loading directions considered in (a) Configl (6 = 50°), (b) Config2 (8 = 80°),
(c) Configd (6 = 120°) and (d) Configi (6 = 150°).

observation in Kang et al. [2019]. This indicates that the geometrical heterogeneity of the
fracture network is not sufficient to produce anomalous transport as the aperture is uniform
for the no-stress case (also similar for the isotropic-stress case). It is also consistent with the
distribution of emitted particles shown in Figure 4 where the preferential outlet (Y=-2.79 m)
is not very pronounced (below 0.2) and secondary outlets emit an important proportion of
particles (black bars in Figure 4).
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Figure 3: First row: mean aperture b of the three major fracture sets (5°, 50°, and 120°) under the stress
conditions described in Table 1 and normalized by that of the reference case. Second row: contribution of
the three major fracture sets to transport defined as the time spent by the particles in each fracture set
normalized by the time spent in all fracture sets. The contribution to transport is also normalized by that
of the reference case.

Applying anisotropic stress conditions (Anisl, Anis2, and Anis3) results in broader
arrival time distributions with earlier arrival times (from green to blue, black and red curves
in Figure 2), which is attributed to local permeability enhancement by shearing [Zhao et al.,
2011, Kang et al., 2019]. Shearing impact is visible on the changes in aperture and transport
trajectories shown in Figure 3 where we observe non-uniform changes for all the anisotropic
cases, except for Anisl and Anis2 in Configl and Config3. In the latter cases, shearing on
the fracture sets tends to be suppressed since b varies from 0.6 to about 1 (from blue to
black curves in Figures 3a and ¢). This is explained by the stress loading directions that are
aligned with one of the major fracture sets in Configl and Config3 while the three fracture
sets tend to have large normal stress or small shear stress, which makes difficult to activate
shearing and dilatancy. On the contrary, increasing the loading stress from Anis2 and Anis3,

or considering other configuration scenarios (Config2 and Config/ ), results in heterogeneous

changes in fracture apertures and transport behavior depending on the fracture orientation.

13



(a)

Anisl
Y position

(©

Anis2
Y position

Anis3
Y position

Configl

Config2

8 (b) gegmm
6T 6F
g —  e——
— =
2 'g 2t
0 Z 0
a
-2 >~ -2t
-4 -4
-6 -6
-8 -8
0 0.2 0.4 0 0.2 0.4
Proportion of particles Proportion of particles
8 o= ® Sgmm
6T 6F
g — Yy ———
[ — E———
2 ,§ 2t
0 Z 0
a
-2 b 2F
-4 -4
-6 -6
0 0.2 04 0 0.2 04
Proportion of particles Proportion of particles
8 g () 8 g
6T 6F
4 ) e——
= E——
2 ”S 2t
0 Z of
a
-2 b 2t
4 4
-6 -6
-8 -8
0 0.2 0.4 0 0.2 0.4

Proportion of particles

Proportion of particles

I No-stress case (reference)

Y position

S

0.2 0.4
Proportion of particles

(8) 8 gmm

Y position

S

0.2 0.4
Proportion of particles

() § g

Y position

0 0.2 0.4
Proportion of particles

(d)

Y position

Config4

=]

0.2

o
—
[®]
g
o
=
=
=}
=
o
=
a=}
15}
=
=
(¢}
@ o
RS

~

=

~
o]

Y position

®

Y position

i

=]

0.2 0.4
Proportion of particles

"

0.2 0.4
Proportion of particles

I Anisotropic-stress cases

Figure 4: Spatial distribution along the outlet border (Y position from -8 to 8) of the proportion of particles
exiting the system for different anisotropic-stress cases without stress-driven crack growth.
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Different transport behaviors are also shown by the distribution of emitted particles at the
outlet boundary (Figure 4). We observe for example in Config2 that there is not a main
preferential outlet for small stress ratio (Anisi, Figure 4b), while a new preferential outlet is
created when increasing the stress ratio from Anis! to Anis2 (Figure 4f) with no significant
changes from Anis2 to Anis3 (Figure 4j). This explains the different behavior observed in
the BTCs in Figure 2b between Anis! and Anis2, and the similar behavior between Anis2
and Anis3. We also observe that in some cases, the preferential outlet observed for the
no-stress reference case (Y=-2.79 m) is greatly enhanced (Config3 in Figures 4c, g and k),
and in other cases some secondary channels become stronger (Config! in Figures 4a, e and
i), resulting in different behavior in the corresponding BTCs where anomalous transport
behavior emerges with early arrival times (Figures 2a and c). Finally, for the cases related
to Config4, both the no-stress preferential outlet and the secondary outlets are enhanced
when increasing the stress ratio (Figures 4d, h and 1), explaining that no significant changes

are observed in the corresponding BTCs (Figure 2d).

3.2. Effect of stress-driven crack growth

As the anisotropic stress loadings tend to drive the formation of new cracks due to
stress concentration at the tips of pre-existing fractures [Jiang et al., 2019], we further
examine the effect of stress-driven crack growth on transport behaviors. As confirmed in
Figure 5 and shown in Jiang et al. [2019], isotropic stress loading do not generate new crack
growth, implying that we study only the cases of anisotropic stress loadings by comparing
the breakthrough curves between the cases without and with new cracks (Figure 6). We
also compare the changes in flow velocities and particle trajectories (Figure 7), as well as
in outlet spatial distribution (Figure 8). Note that there are no changes in the normalized
mean aperture between the configurations without and with new cracks, implying that these

results are not shown.
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Figure 5: (a) Resulting fracture networks composed of the pre-existing fractures and new cracks (yellow and
black lines, respectively) and (b) cumulative length of new cracks for the stress configuration Config! and
the stress scenarios presented in Table 1.

16



(a) Configl (b) Config2

10°F 3 10°F

w2 wn

o iy [}
£ ‘ol £
~— I =
gty 5107

e

5 ! 5
kS L kS
- An!sl o
= Anis2 =

107 Anis3 104
— with new cracks A !
10° 10! 10° 10° 10! 10°
Normalized time Normalized time
(c) Config3 (d) Config4
100F

w2 v

o o

E £

ERUA 13

E =

o] <

G G

o o

G Gy

o o

&, o

1077 F
10° 10°

Normalized time Normalized time

Figure 6: Comparison of breakthrough curves without and with (dashed and solid lines, respectively) new
cracks for various anisotropic-stress cases.

17



Configl Config2 Config3 Config4

@) (b) (c) (d)

2. 214 214 214

(9] Q (9] (9]

=} =} =} =}

® S 12 S 12 s 1A

= = = =

§ § q § IEN\_{ § 1 i
F < 08 < 08 g 508

= ok =S o.eﬁ*ﬂ"“ﬂi———‘{u 2 0.4

g < ; - J < -5

5 g 0 3E $03 b E 0

~ Z o Z 5o 50° 1200 %5

Fracture sets Fracture sets Fracture sets

(e) (@) (h)

o

=== - without new cracks
with new cracks

TR T

o
=N
o
=N
o
=N

Contribution to transport =

Contribution to transport
L= =)

Contribution to transport

Contribution to transport

o
)
S

o
)
o
)

50° 120° °© 50° 120° © 50° 120° °© 50° 120°
Fracture sets Fracture sets Fracture sets Fracture sets

Figure 7: First row: mean velocity @ of the three major fracture sets (5°, 50°, and 120°) under the differential
stress conditions Anisl, Anis2, and Anis3 that are normalized by that of the reference case. Second row:
contribution of the three major fracture sets to transport defined as the time spent by the particles in
each fracture set normalized by the time spent in all fracture sets. The contribution to transport is also
normalized by that of the reference case.

18



Anisl
Y position

(e

Anis2
Y position

®

Anis3
Y position

Configl Config2 Config3
8 (b) gomm (©) 8gmm
6F 6 67
4 e J/y m—— 4
— = —
2 g ? g2
0 Z 0 Z 0
a &
2 2 )
4 4 4
-6 -6 -6
0 0.2 04 0 0.2 04 0 02 0.4
Proportion of particles Proportion of particles Proportion of particles
8 o ()] 8 o (g Sgmm
67 6F 6F
g m— /) S—— g
— e —
2 'S‘ 2 .5 2
0 Z0 Z 0
| Q, o | S—
-2 >~ -2 >~ -2
4 4 4
-6 -6 -6
8t - -
0 0.2 0.4 0 0.2 0.4 0 0.2 0.4
Proportion of particles Proportion of particles Proportion of particles
S g P — ) § g
6F 6F 6F
4 iy e——— £ o
— [ —
2 g2 g2
0 Z 0 Z 0
1 o, [ VN E—
-2 ~ -2 >~ -2F
4 4 4
-6 -6 -6
0 0.2 04 0 0.2 04 0 0.2 0.4

Proportion of particles

Proportion of particles

I \o-stress case (reference)

Proportion of particles

(d

Y position

Config4

[N =T S R e

' '
(=)W

0.2 0.4
Proportion of particles

S

(h) 8 o=

Y position

0]

Y position

6
4

2 L

(=)

0.2 0.4
Proportion of particles

NSRS e )

4
-6

0 0.2 0.4
Proportion of particles

I Anisotropic-stress cases

Figure 8: Spatial distribution along the outlet border (Y position from -8 to 8) of the proportion of particles
exiting the system for different anisotropic-stress cases with stress-driven crack growth.
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The results presented in Figure 6 show that the number of new cracks created with
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scenario Anisl is too small to impact the transport behavior since the results without and
with new cracks are similar for this case (blue curves in Figure 6). This is confirmed by
the normalized mean velocity and contribution to transport that are similar for the config-
urations without and with new cracks with scenario Anis! (blue curves in Figure 7). For
this scenario, we also observe no significant changes in the spatial distributions of particles
exiting the system between the configurations without new cracks (Figures 4a-d) and that
considering the effect of new crack growth (Figures 8a-d).

For scenarios Anis2 and Anis3, the impact of new cracks on transport depends on the
loading configurations. For Config3, similar results are observed between the systems with-
out and with new cracks (Figure 6¢), while changes in late arrival times are observed for
Config2 and Anis3 (red curves in Figure 6b). For Config! and Config/, changes in early
arrival times are observed with Anis2 and over all the arrival times with Anis3 (black and
red curves in Figures 6a and d, respectively). These observations are well explained by
the results shown in Figures 7 and 8. For Config3, we observe no significant changes in
the normalized mean velocity and contribution to transport of the three main fracture sets
(Figures 7c and g), and the changes in the proportion of particles along the outlet border
are restricted to either slightly enhancement of existing main paths (e.g., Y=-2.79 m in
Figures 8g and k) or new paths that do not have a significant impact with a proportion of
particles smaller than 0.2 (e.g., Y=-1.12 m in Figures 8g and k). Similar changes in the
spatial distribution of the particles exiting the systems are observed for Config2 (Figures 8f
and j), with larger values of mean velocity when considering new cracks (Figure 7b) and a
larger contribution to transport of the fracture set 120° (Figures 7f), resulting in the larger
late arrival times observed in the BTCs for Anis3 (red curve vs. blue curve in Figure 6b).
Finally, the smaller early arrival times observed with Anis2 for Configl and Config/ are
related to the creation of new main preferential paths that have a strong impact on the

transport organization with a proportion of particles exiting the system from these paths
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larger than 0.3, these paths being located at position Y=-1.12 m for both configurations,
respectively (Figures 8e and h, respectively). However, the changes in mean velocity and
contribution to transport over the whole system are not significant (black lines in Figures 7a
and e for Config! and Figures 7d and h for Config/), implying that only early arrival times
are impacted by this stress scenario. Alternatively, when applying stress scenario Anis3, the
changes in flow velocity and contribution to transport are significant (red lines in Figures 7a
and e for Configl and Figures 7d and h for Config), and the new outlets at the bottom are
strengthened while the new preferential outlets in the middle are weakened (Figures 8i and
1). Smaller arrival times over the full range of particle arrival times are then observed (red
curves in Figures 6a and d) with a less uniform distribution of emitted particles at the outlet
boundary compared to the cases without new cracks. This results in anomalous transport

behavior where the propagation of new cracks generates BTCs with multiple peaks.

3.3. Upscaling of transport properties

In this section, we use a series of upscaling methods based on the random walk theory to
capture the transport behavior under various stress conditions. Traditional methods (i.e.,
URW and MDRW) are first applied to examine their predictive performance. To this end,
we compare the three existing methods URW-std, URW-mod, and MDRW-std that are
described in Section 2.3. Figures 9 and 10 show the results of upscaling of the small-scale
transport behavior shown in Figures 2 and 6 without and with new cracks, respectively. All
the configurations and stress scenarios presented in Section 2.1 are considered. Note that
the results obtained for scenarios Iso! and Iso2 are only shown once (Figures 9a-b) since the
results are the same for the four considered stress configurations and the cases without and
with new cracks. Furthermore, to quantify the performance of different upscaling methods,
the statistics of mean, standard deviation, and skewness of each breakthrough curve [Schiavo

et al., 2022] are shown in Figure 11. The skewness is defined as v = E [(%)3] where E
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is mathematical expectation, u and o are respectively the mean and standard deviation of
variable x. Here x = logyo(t) where ¢ is the normalized time in Figures 9 and 10.

The results presented in Figures 9, 10 and 11 show that the method URW-std (dashed
blue curves) never succeeds in reproducing the transport behavior observed with the direct
small-scale simulations (solid black lines), because the intrinsic correlation between succes-
sive velocity samplings is not considered with this method. Changing the database used
by URW (URW-mod, dashed green lines) or introducing a velocity correlation with MDRW
method (MDRW-std, dashed red lines) help to reproduce well the reference simulations for
isotropic cases (Figures 9a-b, Figures 1la-c). Consequently, if the sampling database is
modified by space-Lagrangian velocities, the performance of the URW method is greatly
improved, with results that are similar to that of the MDRW method with the standard
database (Figure 11). This is because the modified database with URW includes the cor-
relation information within the distance of the large sampling lag (0.5 m) compared to the
standard database with a small segment discretization (0.05 m). However, for anisotropic-
stress cases, both URW-mod and MDRW-std do not reproduce well the small-scale results
due to the shearing-induced anomalous transport phenomenon that is hard to reproduce
(Figures 9 and 1la-c), this issue being even worse when considering cases with new cracks
for which the anomalous transport behavior is more pronounced and thus harder to repro-
duce (Figures 10 and 11d-f). This is consistent with previous studies showing that traditional
upscaling framework that only considers the average correlation property is likely to fail in

fracture systems driven by shear dilation-induced preferential flow paths [Kang et al., 2019].
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Figure 9: Breakthrough curves from reference small-scale simulations (solid black line) and upscaled model

predictions (dashed lines) using URW-std, URW-mod, and MDRW-std methods (dashed blue, green, and
red curves, respectively) without considering the effect of new crack propagation.
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Figure 11: Statistics of mean, standard deviation and skewness of logy(t) where ¢ is the normalized time in
Figures 9 and 10.

To overcome this issue, we attempt to improve the predictive performance of tradi-
tional upscaling methods with the modified methods MDRW-mod and Multi-M MDRW.
The corresponding results are shown in Figures 12 and 13 with the quantitative statistics
in Figure 14. We observe that, after adding the velocity correlation between the samplings
of space-Lagrangian velocities, the modified MDRW method is able to well capture the ma-
jority of the cases in this study. Compared to the MDRW with the standard database, the

performance of MDRW with the modified database is greatly improved, which highlights
25
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the importance of space-Lagrangian velocities. Both MDRW-mod and Multi-M MDRW
provide satisfying results to reproduce the BTCs obtained at the fracture-network scale. In
some cases, the Multi-M MDRW method is better suited to reproduce the complex behavior
observed at the beginning of the curves. This is the case for example in the highly het-
erogeneous cases Configj-Anis3 without and with new cracks (Figures 12n and 13n), for
which the information of the first velocity experienced by the particles (that is included
in the Multi-M MDRW method) is an information for the particle trajectories. From the
quantitative statistics in Figure 14, it is more pronounced that results from Multi-M MDRW
almost overlap the reference cases, especially for the standard deviation of logio(t), which

indicates a better performance than MDRW.
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Figure 12: Breakthrough curves from reference small-scale simulations (solid black line) and upscaled model
predictions (dashed lines) using MDRW-std, MDRW-mod, and Multi-M MDRW methods (blue, green, and
red, respectively) without considering the effect of new crack propagation.
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Figure 14: Statistics of mean, standard deviation and skewness of logio(t) where ¢ are the normalized time
distributions corresponding to Figures 12 and 13.

3.4. FEffect of diffusion transport in rock matriz

We wish now to test the upscaled models previously presented in the context of both
advective and diffusive processes in the fractures and matrix, respectively. To this end,
we consider equation (1) to define the matrix diffusion time in both direct and upscaled
simulations. Figures 15 and 16 show the breakthrough curves obtained for the stress config-

urations and scenarios previously defined with the direct small-scale simulations (solid black

curves) and the MDRW-mod and Multi-M MDRW upscaled models (dashed blue and red
29
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lines, respectively) without (Figure 15) and with (Figure 16) considering the effect of new
crack propagation. In Figure 17, the quantitative statistics show that, as expected, matrix
diffusion results in long tails of the breakthrough curves with a fixed slope of -1.5 that cor-
responds to pure diffusion process. Considering matrix diffusion tends to homogeneize the
results with similar curves for the different considered stress scenarios. Compared to the
cases without matrix diffusion (Figures 2 and 6), the early part of the curves is smoother
and do not present multi-peak behavior as before for the most heterogeneous cases (Config4-
Anis2 and Config4-Anis3). The two upscaling methods reproduce well the considered BTCs
with small differences for the early arrival times in some cases where the Multi-M MDRW
method provides a better fit than the MDRW method. For these cases, the better repre-
sentation of the initial velocities investigated by the particles plays an important role in
simulating the early arrival times, since the matrix diffusion time directly depends on the
advective times (expression (1)). This confirms the effectiveness of the Multi-M MDRW
method in upscaling stress-induced anomalous transport behavior for various configurations

in terms of stress scenarios and considered processes.
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Figure 15: Breakthrough curves from the direct numerical simulations with matrix diffusion (black solid
line) and upscaled model predictions using MDRW-mod and Multi-M MDRW methods with matrix diffusion
(dashed blue and red lines, respectively) without considering the effect of new crack propagation.
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4. Discussion and conclusions

In this paper, we evaluate the impact of various stress scenarios on transport behaviors
in critically-connected fractured rocks with three main fracture sets. Various stress orienta-
tions and a large range of stress ratios between the maximum and minimum principal stress
strengths are studied, and both traditional and improved upscaling methods are considered

to determine their applicability to such stress-induced transport behaviors. Under isotropic
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stress conditions, the changes over the whole system tend to be uniformly distributed, and
the breakthrough curves are simply shifted from the reference results without stress. In
such conditions, transport behaviors usually exhibit a Gaussian-like distribution, that is
well captured by traditional upscaling methods with space-Lagrangian velocities descrip-
tion. Under anisotropic stress conditions, stress-induced transport exhibits broader arrival
time distributions with different behavior depending on the stress orientation and strength.
This is consistent with existing studies showing that the anomalous behavior featured by
the early arrival times may be not pronounced under some stress orientations because the
major compressive principal stress is perpendicular to the flow direction, suppressing and
altering the preferential flow paths [Sweeney and Hyman, 2020]. This differs from the case
of a ladder-shape fracture network topology, where the anisotropic stress orientation is along
the through-going long fractures and exhibits a breakthrough behavior similar to the no-
stress and isotropic-stress cases [Kang et al., 2019]. The behaviors observed in our study are
enhanced when considering the effect of new crack growth that is observed under anisotropic
stress loading and for high-stress ratio and some stress orientations, leading to strong anoma-
lous phenomenon with multi-peak BTCs.

In terms of upscaling representation, it is necessary to integrate the space-Lagrangian ve-
locities description with a large sampling distance to improve the performance of traditional
methods. The proposed modified MDRW method accurately predicts the transport behav-
ior under low-stress ratio conditions while improvement might be required for some cases
of high-stress ratio due to the strong anomalous transport phenomenon characterized by
multi-peak early-times BTCs. The single transition matrix representation, which describes
the average features of velocity correlation over the entire system, is extended to multiple
transition matrix representations that are conditioned by the initial velocity states of the
particles. (i.e., Multi-M MDRW). The resulting Multi-M MDRW successfully captures the

solute transport behaviors for all the considered cases including complex combined effects of
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shear dilation and crack propagation in the system, as well as the impact of diffusive trans-
port in the rock matrix. Incorporating information related to the first velocities experienced
by the particles is critical to well reproduce the early arrival times, and might be critical for
future work on upscaling methods applied to reactive transport [Ding et al., 2013, Painter
et al., 2008, Roubinet et al., 2022].

It is important to emphasize that the insights provided in this work are restricted to
the deterministic geometry that was determined from a real outcrop. Since an accurate
representation of the fracture network is not feasible in most subsurface cases, future work
should focus on several realizations of networks with identical statistical properties in order
to evaluate the uncertainty of our results in relation with the uncertainty of the system
properties. Our recent study based on statistically generated fracture networks also found
that the critically connected fracture networks have a significant alternation of heat recov-
ery efficiency with the increase of stress load difference [Sun et al., 2020]. This may also
highlight the important role of crack growth on transport behaviors in terms of statisti-
cally generated fracture networks. Another limitation of our work is the consideration of
two-dimensional scenarios. Although our study regarding the geomechanical deformation
of three-dimensional fractured rocks has suggested that 2D analysis may provide some in-
dicative approximations [Lei et al., 2017b], 2D modeling certainly cannot fully represent the
polyaxial geomechanical behaviors of 3D fractured rocks. Future work should focus on 3D
fractured rocks and on evaluating the error induced by considering 2D domains. However,
working on 3D fractured networks requires to solve computational cost issues which limit

the number of fractures that can be considered so far.
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