o.)

Check for
updates

Ko [ Sme]

Available online at www.sciencedirect.com

ScienceDirect

Underground Space

Underground Space 20 (2025) 69-82 Ve
www.keaipublishing.com/undsp

Research Paper

Solute transport in stochastic discrete fracture-matrix systems:
Impact of network structure

Yingtao Hu*", Liangchao Zou “*, Wenjie Xu‘, Liangtong Zhan“, Peng Xia ©,
Duanyang Zhuang ‘

4 School of Engineering, Hangzhou City University, Hangzhou 310015, China
®Key Laboratory of Safe Construction and Intelligent Maintenance for Urban Shield Tunnels of Zhejiang Province, Hangzhou City University,
Hangzhou 310015, China
€ Department of Sustainable Development, Environmental Science and Engineering, KTH Royal Institute of Technology, Stockholm 10044, Sweden
4 MOE Key Laboratory of Soft Soils and Geoenvironmental Engineering, Zhejiang University, Hangzhou 310058, China
¢ Key Lab of Ministry of Education for Geomechanics and Embankment Engineering, Hohai University, Nanjing 210098, China

Received 29 November 2023; received in revised form 8 April 2024; accepted 29 May 2024
Available online 24 August 2024

Abstract

Obtaining a comprehensive understanding of solute transport in fractured rocks is crucial for various geoengineering applications,
including waste disposal and construction of geo-energy infrastructure. It was realized that solute transport in fractured rocks is con-
trolled by stochastic discrete fracture-matrix systems. However, the impacts and specific uncertainty caused by fracture network struc-
tures on solute transport in discrete fracture-matrix systems have yet not been fully understood. In this article, we aim to investigate the
influence of fracture network structure on solute transport in stochastic discrete fracture-matrix systems. The fluid flow and solute trans-
port are simulated using a three-dimensional discrete fracture matrix model with considering various values of fracture density and size
(i.e., radius). The obtained results reveal that as the fracture density or minimum fracture radius increases, the corresponding fluid flow
and solute transport channels increase, and the solute concentration distribution range expands in the matrix. This phenomenon, attrib-
uted to the enhanced connectivity of the fracture network, leads to a rise in the effluent solute concentration mean value from 0.422 to
0.704, or from 0.496 to 0.689. Furthermore, when solute transport reached a steady state, the coefficient of variation of effluent concen-
tration decreases with the increasing fracture density or minimum fracture radius in different scenarios, indicating an improvement in the
homogeneity of solute transport results. The presented analysis results of solute transport in stochastic discrete fracture-matrix systems
can be helpful for uncertainty management in the geological disposal of high-level radioactive waste.

Keywords: Solute transport; Fracture-matrix systems; Discrete fracture network; Fracture network structure; Monte Carlo simulation

1 Introduction

The significance of fluid flow and solute transport in frac-
tured subsurface systems has become increasingly important
due to the rapid advancements in underground space devel-
opment and utilization. This is of great importance for
extraction and storage of geo-energy, waste disposal, and
underground construction for energy infrastructures, and
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protection of geo-environment, such as geothermal extrac-
tion (Middleton et al., 2015; Wang et al., 2019a; Zhang
et al., 2021, 2023), geological disposal of nuclear waste
(Joyce et al., 2014; Tsang et al., 2015; Zou & Cvetkovic,
2023), carbon storage (Jenkins et al., 2015), and rehabilita-
tion of contaminated environment (Neuman, 2005;
VanderKwaak & Sudicky, 1996). Fractures, characterized
by considerably higher permeabilities compared to rock
matrix, are widely acknowledged as the main conduits for
fluid flow and migration of solutes in fractured rocks. There-
fore, it is important to acquire a comprehensive understand-
ing of the flow and solute transport in fractured rocks.

2467-9674/© 2024 Tongji University. Publishing Services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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Numerical simulation is an efficient tool for investigat-
ing the characteristics of fractured rocks. In this context,
continuous and discrete methods have been introduced to
simulate and analyze complicated and discontinuous frac-
tured rocks (Berkowitz, 2002; Larsson et al., 2013;
Maryska et al., 2005). The discrete fracture network
(DFN) method is commonly used in modelling of fractured
rocks due to its advantages in providing an explicit repre-
sentation of the discrete fractures (Cvetkovic &
Frampton, 2012; Goc et al., 2019; de Dreuzy et al., 2002;
De Simone et al., 2021; Fan et al., 2023; Frampton et al.,
2019; Huang et al., 2019, 2021; Hyman et al., 2015; Kang
et al., 2020; Lei et al., 2017; Liu et al., 2016, 2019; Long
et al., 1985; Maillot et al., 2016; Sherman et al., 2020;
Wu et al., 2021; Xu & Dowd, 2010; Zhao et al., 2013,
2018; Zou & Cvetkovic, 2020). Although the DFN model
has properly represented the geometrical properties and
topological relations of fracture networks, DFN typically
is not directly applicable to problems involving interactions
between fracture networks and the surrounding rock
matrix, e.g., matrix diffusion (Neretnicks, 1980; Sudicky
& Frind, 1982; Tang et al., 1981). To resolve this issue,
the discrete fracture matrix (DFM) model was introduced,
which can directly simulate solute exchange on the inter-
face between the fracture and the rock matrix, thereby
facilitating comprehensive analysis of solute transport in
fracture-matrix systems. It is worth noting that the DFM
model has been widely utilized to analyze solute migration
in fractured rocks (Ahmed et al., 2015; Farouk et al., 2015;
Berrone et al., 2018; He et al., 2023; Hu et al., 2022; Hyman
et al., 2022; Keilegavlen et al., 2021; Li et al., 2020; Liu
et al.,, 2020; Ma et al., 2019; Odsater et al.,, 2019;
Sweeney et al., 2020; Wang et al., 2019b; Yao et al.,,
2019; Zhan et al., 2022; Zhao et al., 2019). For instance,
Farouk et al. (2015) employed the HydroGeosphere to ana-
lyze the influences of conductivity and the properties of the
fracture network on contaminant transport in an unsatu-
rated water flow within fractured rock containing orthogo-
nal fracture networks. Hu et al. (2022) and Hyman et al.
(2022) developed an efficient workflow to investigate the
problem in fractured porous media using the DFM
approach. It was found that the DFM model is a powerful
scheme to simulate the problem in complex heterogencous
fractured media. Although notable progress has been
achieved, the characterization of flow and solute transport
in stochastic DFM systems remains challenging due to the
inherent topological uncertainties associated with the com-
plex fracture network structure, including the fracture den-
sity, and fracture size (represented by radius or length).

In recent years, numerous studies have been conducted
to simulate and analyze the impacts of fracture network
structures on fluid flow and solute transport (Frampton
et al., 2019; Huang et al., 2019; Hyman, 2020; Hyman
et al., 2016; Kang et al., 2020; Makedonska et al., 2016;
Sherman et al., 2020; Zou & Cvetkovic, 2020). For exam-
ple, Makedonska et al. (2016), Frampton et al. (2019),
and Zou and Cvetkovic (2020) studied the effect of the

internal fracture aperture on anomalous transport within
a three-dimensional discrete fracture network (3D DFN).
Their results revealed that the variability of the internal
aperture causes preferential channeling flow, consequently
decreasing the occurrence of anomalous transport phenom-
ena such as shortened early arrival times and delayed bulk
mass arrival. Kang et al. (2020) focused on the combined
effects of fracture aperture heterogeneity and tracer injec-
tion mode on the flow and solute transport in 3D DFN.
Their study demonstrated that the interplay between the
aperture heterogeneity and the injection mode can lead to
significant early arrival and long tails in the breakthrough
curves (BTCs). Huang et al. (2019) simulated the fluid flow
in stochastic 3D DFNs with various fracture densities and
lengths. It was found that with increasing fracture density
and/or length, the presence of alternative flow paths within
connected fractures also increases. Hyman et al. (2016),
Hyman (2020) and Sherman et al. (2020) utilized the com-
putational suite dfnWorks to conduct numerical investiga-
tions of flow and transport in 3D DFN. Their studies
focused on characterizing the impacts of fracture density,
correlations between the transmissivity and fracture size,
and the overall network scale transport properties. Their
results revealed that the channeling flow phenomenon
decreases with increasing fracture density. It was observed
that an earlier arrival time can be achieved when there is an
increase in the fracture density or when the correlations of
transmissivity and size of the fracture are considered. It
should be noted that the above-mentioned studies were pri-
marily focused on the effects of different fracture network
structures on solute transport in 3D DFNs and did not
specifically consider solute transport in 3D DFM systems.
Therefore, the impacts of fracture network structures on
solute transport in 3D DFM systems have not been fully
understood. Furthermore, the 3D DFM models are
strongly dependent on the distribution of the fracture net-
works, typically generated by using stochastic methods,
e.g., the Monte Carlo method. Each generated 3D DFM
model thus has a different fracture network, and this leads
to the variation of the model structures, thus resulting in
variation of flow and solute transport behaviors in numer-
ical simulations. The specific uncertainty caused by fracture
network structures in simulations of solute transport in
complex discrete fracture-matrix system has not been ana-
lyzed in previous studies.

The aim of this study is to investigate how the two key
geometrical properties of fractures, network density and
size (radius or length), and the corresponding topological
structure impact solute transport behavior in stochastic
discrete fracture-matrix systems. The present study is struc-
tured as follows. Section 2 presents the development of a
numerical simulation workflow that incorporates the geo-
metric randomness of three-dimensional fracture network
distribution. The model utilizes the Monte Carlo approach
and is implemented on the OpenGeoSys software platform.
Section 3 focuses on the flow and transport simulations
using the stochastic 3D DFM with various fracture
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densities and radii. Then the effects of the two key geomet-
rical properties are analyzed in diverse scenarios, and the
results are discussed in Section 4. Eventually, the main
achievements are summarized in Section 5.

2 Models and methods

Figure 1 shows the simulation workflow to investigate
the effects of geometric randomness of 3D DFN on the
flow and solute transport in stochastic 3D DFM systems.
It indicates that the simulation starts with the determina-
tion of the fracture’s geometric parameters (fracture trend,
fracture density, fracture radius, or length) and the simula-
tion number N (refers to the total simulation realizations of
3D DFM models). To model uncertainties in the input
parameters, probability distributions of geometric parame-
ters are utilized in this article. Subsequently, numerous ran-
dom samples of uncertain variables are generated
according to probability distributions. Then the computa-
tional domain is meshed and a 3D DFM is developed.
Moreover, parallel calculations of flow and transport are
conducted by OpenGeoSys software. Finally, the output
results are statistically analyzed to predict the solute trans-
port in the established model.

2.1 Discrete fracture matrix model

In this study, the 3D DFM system is represented within
a cubic domain with a side length of 15 m, which is consis-

Determination of fracture’s geometric
parameters and simulation number N

!

Generation of N sets of random 3D-DFN samples
according to prescribed geometric parameters

l

Mesh generation and model setup of 3D discrete
fracture-matrix system (3D-DFM)

Parallel calculation of flow and transport simulation

Are N times of
repetitive executions
of the previous step
completed ?

[ Perform statistical analysis of N sets of results ]

Fig. 1. Numerical simulation workflow.

tent with previous studies to ensure generality (Hyman
et al., 2017; O’Malley et al., 2018; Zhan et al., 2022). Frac-
ture radius or length was obtained from a truncated power-
law distribution, bounded by upper cutoffs (r,) and lower
cutoffs (r,), and governed by an exponent («). Fracture ori-
entation was determined using the Fisher distribution, gov-
erned by mean trend (0), mean plunge (¢), and
concentration parameter (k). Fracture aperture (b) was
related to the fracture radius (R) or length with a power-
law relationship, which can be expressed as b =7y x R?
(Sherman et al., 2020), where y and f§ are the coefficients
of the correlated power-law relationship between fracture
aperture and its length. Therefore, the hydraulic aperture
varies among the fractures, with the larger fractures having
wider hydraulic apertures than the those of the smaller
fractures for this model setup. Fracture density was repre-
sented by the volumetric fracture intensity Ps, (m™') (the
ratio between total fracture area and the total domain vol-
ume) (Dershowitz & Herda, 1992). It should be noted that
P55 is currently considered one of the most suitable 3D esti-
mators of the fracture abundance and the most preferred
parameters to explain the degree of fracturing in rock mass
numerical modelling. Besides, P3, is an intrinsic non-
directional metric of the fracture density that incorporates
both a fracture size component and a fracture frequency
quantity (Morelli, 2024). Therefore, for each target fracture
density in our simulations, fractures generated according to
the given distributions, are inserted into the domain until
provided target values are obtained, and generation stops
once the desired fracture density is obtained. The men-
tioned parameters were summarized in Table 1.

As shown in Table 1, a total of six simulation scenarios,
varying in terms of their parameters, were designed to
investigate the impact of the stochastic distribution of frac-
ture network structures such as fracture densities and frac-
ture radii on solute transport in fractured rock masses. For
example, the fracture density P;, is ranged from 0.80-
0.85 m ™! to 1.60-1.65 m™!, which differs by about 2 times,
and the lower cutoffs of the fracture radius R is ranged
from 1.5 to 2.5 m. To maintain generality, each scenario
comprises 60 realizations. It should be noted that for the
DFN realizations, the difference between percolating and
non-percolating scenarios is often significant (He et al.,
2023). However, for each DFN realization generated in this
study, the fractures are connected with at least one other
fracture, and the DFN consists of at least one connected
flow channel by fractures connecting the inlet and outlet
surfaces. Besides, the isolated fracture that does not inter-
sect any other fracture and will not contribute to flow, is
removed after the DFN has been generated. Therefore,
all the final DFM models studied in this paper are
percolating.

In addition, it’s known that the concentration parameter
k of Fisher distribution controls the dispersion degree of
the fracture orientation for a fracture-set. In other words,
the bigger « is, the more similar the fracture-set’s normal
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Table 1

Simulation scenarios and the related parameters for generating the 3D DFMs.

Scenarios Stochastic distribution of Fracture orientation: Fracture aperture: power-law Realization
fracture network structures Fisher distribution relation with length number
Fracture density Fracture radius R (m):
Py (mY) power-law distribution

ro(m) ru(m) x 0 @ K v B

P1 0.80-0.85 60

P2 1.20-1.25 2.0 10 1.8 n/2 0 0.1 50 x 104 0.5 60

P3 1.60-1.65 60

R1 1.5 60

R2 1.20-1.25 2.0 10 1.8 n/2 0 0.1 50 x 104 0.5 60

R3 2.5 60

vectors are; otherwise, the smaller x, the more diverging.
Although this study only considers one set of fracture ori-
entation (Table 1), the value of x has been set as 0.1, indi-
cating the simulated fracture orientations are highly
diverging. The results of various fracture orientations can
be clearly found in Figs. 2 and 3, which presented the 3D
DFM models with different fracture densities and radii.
Therefore, the conclusions of this study are applicable for
both single and multiple fracture sets. Figures 2 and 3 also
show that as the fracture density and the minimum fracture
radius increase, the number of fracture intersection
increases, which generates more alternative flow channels
or paths within the connected fractures between the inflow
and outflow boundaries, thus enhancing the flow connec-
tivity of the fracture network. These results are similar to
those from previous studies (Hu et al., 2022; Huang
et al., 2019; Liu et al., 2016).

2.2 Flow and transport equation

The governing equation for fluid flowing within satu-
rated rock fractures can be simplified as the Reynolds
equation (Brown, 1987), which can be expressed in the
form below:

a (b opP a (b opP
5 ) F 3 (3 ) = M
Ox \12n Ox oy \12n Oy

(@) (b)
Aperture (m)
[ 2.1X10%
=~ 1.5X10%
—1.0Xx10°%

ts.oxm«s
0

where b, n, and P denote the fracture aperture, dynamic
viscosity, and pressure, respectively.

As shown in Fig. 4, the boundary conditions for flow
simulation in the 3D DFM model were the fixed pressure
with P|g = py, Plg = p,, and the Neumann zero flux con-
dition with n- VP| S = 0, where S;,, Sou,, and S;,, denote
the inlet, outlet face, and four impermeable faces, respec-
tively; n represents the outward normal unit vector on the
boundary surface. The inlet face for transport simulation
was a Dirichlet boundary, assuming continuous injection
concentration C = Cy = 1.0 kg/m?>.

The mathematical model for solute transport in DFM
systems is governed by the following expression (Kolditz
et al., 2012):

20,.C, 1

ot R,
where the superscript © represents the two media (i.e.,
n = f for fracture and = = m for rock matrix); 0, C, and
u denote the porosity, solute concentration, and flow veloc-
ity, respectively. Meanwhile, R, D}, and A are the retarda-
tion coefficient, hydrodynamic dispersion coefficient, and
the decay constant, respectively. In this work, the mass
exchange between the fractures and rock matrix can be
directly simulated by solving the governing equations of
fluid flow and solute transport with the direct numerical
simulation method.

[V 0:D}(VCy) = V - (uzCr| — 710,Cx, (2)

Aperture (m)

[ 2.2X10%

~—1.5X10%

Aperture (m)
[ 2.2X10°%
~ 1.5x10%
—1.0X10%

[ 5.0Xx10®
0

—1.0x10%

[ 5.0x10
0

Fig. 2. 3D DFM model with different fracture densities. (a) P1 (P3, = 0.80-0.85 m™), (b) P2 (P3, = 1.20-1.25 m™ "), and (c) P3 (P, = 1.60-1.65 m™").
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(b)

Aperture (m)
[ 2.2X10%
~ 1.5Xx10°%
— 1.0Xx10°%

[ 5.0x10®

0

73

©

Aperture (m)
[ 2.1Xx10°

1.56X10°%
— 1.0x10%

[ 5.0X10%
0

Aperture (m)

[ 22X10°

~ 1.5X10°
~1.0x10°

[ 5.0X108

0

Fig. 3. 3D DFM model with different fracture radii. (a) R1 (R = 1.5-10.0 m), (b) R2 (R = 2.0-10.0 m), and (c) R3 (R = 2.5-10.0 m).

D Outlet face (S,

S
\e &,&cﬁ» & P I )2 7 ¥
AY) K
<
o )4
Fracture
Matrix

Inlet face (S,
P=p, C=C,

Fig. 4. Boundary conditions in the 3D DFM model for the flow and
transport simulations.

The related parameters, such as the hydrodynamic dis-
persion coefficient Df, and the retardation coefficients R,
can be further written as

Df = DI+ D", (3a)
Dy, = of g, (3b)
D} =1,D", (3¢)
Ry= 142K /b, (3d)
Ron= 140y K/ O, (3e)

Table 2
Definition of related parameters.

where D}, D} , and D* denote the coefficients of effective
diffusion, mechanical dispersion, and molecular diffusion,
respectively; of , T, and u, are the longitudinal dispersivity,
the tortuosity of the flow channel, and the absolute flow
velocity, respectively; K¢ and K, denote the distribution
coefficient of the fracture and rock matrix, respectively;
pp denotes the density.

Definition of related parameters in Egs. (2) and (3e) can
be summarized in Table 2. Other parameters are set
according to the study carried out by Zhan et al. (2022).
It should be noted that the rock matrix’s permeability
was estimated to be 1.0 x 107'> m? based on site test find-
ings (Ma et al., 2019). Consequently, in this study, the
velocity within the matrix approaches zero owing to its
exceedingly low permeability.

In this work, all simulations are conducted by using the
open source finite element method (FEM) software plat-
form OpenGeoSys, which has been extensively employed
for simulating thermal-hydrological-mechanical-chemical
(THMC) problems in fractured porous media (Kolditz
et al., 2012). The detailed verification of the mesh size, time
scale, and numerical solution method for simulating flow
and solute transport in 3D DFM system can be referred
to our previous study (Hu et al., 2022).

3 Results of the stochastic modeling for fracture density
3.1 Flow and transport distribution
Figure 5 illustrates the distribution of the velocity and

concentration fields in 3D DFM models with different val-
ues of fracture density. As can be seen from Fig. 5, the

Parameter Concentration C,  Porosity 0, Tortuosity 7,  Velocity u, Hydrodynamic Retardation Decay constant 4
dispersion coefficient D coefficients R,
Fracture Cr 1 1 us apup+ D* 1+ 2K,/b (In2)/t95
domain (n = f)
Matrix C, 0 T 0 tD* 1 + ppK,/0

domain (1 = m)

Note: #y5 represents the half-life of radioactive matter, in a.
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Velocity (m/s) 10

2.6X104
2.0x104
1.4X10
8.0x10°%
2.0X10°%

Velocity in fractures

Concentration on boundary

Concentration on slices

Fig. 5. Distribution of the velocity and concentration fields in 3D DFM models with various fracture densities. (a—c) P1 (P3, = 0.80-0.85 m™), (d-f) P2

(P3, = 1.20-1.25 m™ "), and (g-i) P3 (P35, = 1.60-1.65 m™ ).

number of connected fractures increases with the increase
of fracture density, forming more flow and solute transport
channels, resulting in the gradually expanding distribution
range of concentration plumes in the rock matrix.

For the 3D DFM models with different fracture densi-
ties, the corresponding cumulative distribution function
(CDF) and complementary cumulative distribution func-
tion (CCDF) curves of effluent solute concentration, which
refers to the solute concentration in the outlet face (Syy) of
the fracture-matrix system, are depicted in Fig. 6(a)—(c). To
compare the differences in concentration distribution under
various conditions, the time T}, at which the effluent solute
concentration reaches 50% breakthrough of the P1 scenar-
10, is defined, and then time on the ordinate of Fig. 6(a)—(c)
is rescaled by Ty. The solid thin curves in Fig. 6 represent
the simulation results of each case, while the solid thick
curve represents the averaged curve over all cases. Addi-
tionally, a box plot in Fig. 6(d) shows the relative errors
between each case and the average curve reflecting the
overall concentration distribution characteristics of differ-
ent cases for each scenario. The results indicate that, for
a given scenario, the CDF and CCDF curves of each case

are significantly affected by the fracture density. With an
increase in fracture density, the differences in solute trans-
port characteristics in the fractured rock gradually
decrease. Specifically, the mean value of the relative errors
between each case and the average curve decreases from
30.57% to 21.98%, and the standard deviation decreases
from 16.17% to 10.21%.

Figure 7 illustrates the average CDF and CCDF curves
with different fracture densities. To determine the early
arrival characteristic of the CDF curve and reflect the
speed of solute migration in fractured rock masses, the
breakthrough time, denoted by #y;, which refers to the
breakdown time when CDF = 10%, is proposed. The
results show that an increase in fracture density results in
a significant early arrival characteristic of the CDF curve,
as evidenced by a decrease in #y; from 1.117 to 0.427T,.
In contrast, the tail slope of the CCDF curves gradually
increases, indicating a weakening of the long tailing fea-
ture. This phenomenon may be attributed to the accelera-
tion of solute transport in the fractured rock caused by
the enhanced flow velocity within the fracture network
resulting from the increased fracture density, leading to a
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Fig. 6. CDF and CCDF curves of effluent solute concentration with different fracture densities. (a) P1 (P3> = 0.80-0.85 m™'), (b) P2 (P, = 1.20—
1.25m™"), (c) P3 (P, = 1.60-1.65 m™'), and (d) box plot of the relative errors between each case and the average curve.
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reduced travel time for a solute breakthrough at the efflu-

ent surface. Additionally, the concentration distribution
within the rock matrix becomes more homogeneous,

increasing the rate at which the solute fills the entire frac-
ture network and weakening the long tailing feature.

3.2 Impact on effluent concentration

In order to quantitatively analyze the impact of varying
fracture densities on the effluent concentration in fractured
rock at the steady state, statistical analyses are conducted
on 60 cases for each scenario. Figure 8 depicts the effluent
concentration values and box plot results for various frac-
ture densities at steady state. Subsequently, coefficient of
variation (COV) = ¢/u was calculated, where ¢ and u are
the standard deviation and the mean value, respectively.
It is worth noting that a higher COV indicates a greater
degree of heterogeneity in the statistical results. As demon-
strated in Fig. 8, an increase in fracture density leads to a
rise in the effluent solute concentration mean value from
0.422 to 0.704, while the COV gradually decreases from
0.155 to 0.056. These findings suggest that an increase of
fracture density can enhance the homogeneity of the solute
transport results.
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1.0 due to the decay process of radioactive matter.

4 Results of the stochastic modeling for fracture radius
4.1 Flow and transport distribution

Figure 9 illustrates the distribution of the velocity and
concentration fields with different minimum fracture radii.
It is evident that an increase in the minimum fracture
radius, while maintaining the same fracture density, results
in a gradual rise in the number of connected fractures.
This, in turn, generates an augmented occurrence of high-
velocity regions within the fracture network, ultimately
leading to channeling flow through the fracture network
and greater solute intrusion into the surrounding rock
matrix. Consequently, the distribution range of solute con-
centration within the rock matrix is expanded.

For the time at which the effluent solute concentration
reaches 50% of R1 scenario (denoted as T;), the CDF
and CCDF curves of the effluent concentration with differ-
ent minimum fracture radii are presented in Fig. 10(a)—(c).
The relative error box plot of each case with respect to the
mean curve is shown in Fig. 10(d). It is observed that the
variability of the concentration CDF and CCDF curves
gradually decreases with increasing fracture radius. Specif-
ically, the mean error between each case and the mean
curve decreases from 27.38% to 21.08%, and the standard
deviation decreases from 14.99% to 12.13%.

The average CDF and CCDF curves with different min-
imum fracture radii are presented in Fig. 11. The plot
shows that the breakthrough time ranges from 0.877 to
0.45Ty, and an increase in the minimum fracture radius
enhances the early arrival feature of the CDF curve, result-
ing in a shortened breakthrough time. Moreover, the long
tailing feature of the CCDF curve gradually weakens.

4.2 Impact on effluent distribution

Figure 12 presents the results of the effluent concentra-
tion values and boxplot statistics of different minimum

fracture radii in the steady state. It is evident that an
increase in the minimum fracture radius from 1.5 to
2.5 m leads to an increase in the mean effluent concentra-
tion from 0.496 to 0.689, while the COV gradually declines
from 0.126 to 0.055. This result indicates that an increase in
the minimum fracture radius enhances the homogeneity of
the solute transport results. This phenomenon can be
attributed to the reinforced connectivity of the fracture net-
work and amplified flow velocity, resulting from an
increase in the minimum fracture radius. Consequently,
the increased exchange of solutes between the fracture net-
work and the surrounding rock matrix results in a more
uniform distribution of solute concentration within the
rock matrix.

5 Discussions

This article focuses on investigating the influence of net-
work density and size of fracture on the solute transport
behavior within three-dimensional discrete fracture-
matrix systems. Numerical simulations with three fracture
densities and three fracture radii are conducted to investi-
gate their potential impact on flow and transport (Table 1).
At each density and radius, we constructed 60 3D DFMs
and characterized each of them in terms of the flow prop-
erties, the transport properties, the CDF and CCDF
curves, and the effluent concentration under steady-state
conditions. The simulation results are further analyzed
for various purposes: (i) identifying non-Fickian behaviors
(early arrival, long tailing) in each 3D DFM; (ii) analyzing
variations between different 3D DFM in each scenario; (iii)
correlating the structural properties of the fracture net-
works, including fracture density and fracture radius. The
Monte Carlo approach was adopted to quantify the varia-
tions of the CDF and CCDF curves and the effluent con-
centration in each scenario.

To discuss how fracture density and fracture radius
affects the fracture connectivity in the discrete fracture-
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Fig. 9. Distribution of the velocity and concentration fields in 3D DFM models with different fracture radii. (a—c) R1 (R = 1.5-10 m), (d-f) R2 (R = 2.0—

10.0 m), and (gi) R3 (R = 2.5-10.0 m).

matrix systems, and thus influences the flow behaviors and
the degree of non-Fickian transport, the dimensionless per-
colation density, p/sp, which is extensively used in percola-
tion theory (Xiong et al., 2019), is analyzed in this section.
This metric is independent of fractures and domain size,
written as

Plip = P3p Vexs (43)
Nfrac

Pip = A (4b)
1

Vex = ESR, <4C)

where psp, is the fracture density, defined as the number of
fractures per domain volume; V,, is the excluded volume,
practically calculated using the excluded volume theory;
Nirac is the number of fractures in the domain; L* is the vol-
ume of the domain, which is 15° m?® in this study; S and R
are the average area and radius of each fracture.

Figure 13 presents the histogram statistics of dimension-
less percolation density for different fracture densities and
minimum fracture radii. As demonstrated in Fig. 13(a)
and (b), as the fracture density or radius increases, the his-

togram and normal fitting curves of p/;, are displaced to
the right. Specially, the mean value u of p/;, increases from
2.167 to 3.206 for different fracture densities, while
increases from 2.224 to 3.220 for different fracture radii.
These findings indicate that an increase of fracture density
and radius enhances the fracture connectivity of the DFM
realizations. To clarify the contribution of fracture connec-
tivity on flow velocity behaviors, the cumulative frequency
curves of flow velocity in the discrete fractures for all real-
izations (the thin solid curves) and corresponding average
results (the thick solid curves) are shown in Fig. 14. Here,
each cumulative frequency curve belongs to an individual
DFM realization with a different geometry representation.
As expected, the flow velocity distribution increases with
fracture density and radius (Fig. 14). It is therefore reason-
able to conclude that the fracture network connectivity
plays significant roles in the determination of fluid flow
behaviors through fractures.

Above findings complies with previous experimental and
numerical investigations on fluid flow and solute transport
in 3D DFN (Huang et al., 2019; Hyman, 2020; Hyman
et al., 2016; Sherman et al., 2020). For the fracture density,
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we considered the P;, ranging from 0.80-0.85 to 1.60—
1.65 m~'. As a result, the fracture networks change from
sparse to dense. For the fracture size, we considered the
minimum radius ranging from 1.5 to 2.5 m. With the

increase in fracture density or radius, there was a greater
occurrence of well-connected fractures intersecting with
other fractures, resulting in larger accessible pathways for
fluid flow (Figs. 2 and 3). This finding is consistent with
the results reported by Hyman et al. (2016), Huang et al.
(2019), and Sherman et al. (2020). Furthermore, the
increase in fracture density or radius enhances channeling
flow, and it provides more available pathways for the
solutes or contaminants to pass through, so more solutes
migrate into the surrounding rock matrix (Figs. 4 and 8).
This phenomenon results in higher uniformity in different
3D DFMs, as indicated by the mean value of the relative
errors between each realization (Figs. 5 and 9), as well as
the COV results of the effluent concentration values (Figs. 7
and 11). At present, the impact of fracture network struc-
ture on solute transport is analyzed only with 3D DFNs,
where the surrounding rock matrix is not considered or
ignored (Frampton et al., 2019; Kang et al., 2020;
Sherman et al., 2020). In this work, the performed simula-
tions using 3D DFM allow for the investigation of solute
exchange between the fractures and the matrix. The results
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verify that ignoring the rock matrix could affect the solute
transport process.

The results also show that as the fracture density or frac-
ture radius increases, the arrival or breakthrough times are
consistently and significantly shortened. These observa-
tions suggest that solute moves faster through the entire
fracture-matrix systems when more fractures or larger frac-
tures are generated. Meanwhile, the long tailing features of
the transport time are gradually weakened, with a decreas-
ing slope (Figs. 6 and 10). This result is expected because
the concentration distribution within the rock matrix
becomes more homogeneous, increasing the rate at which
the solute fills the entire fracture network and then weaken-
ing the long tailing feature.

The numerical simulation suggests that different fracture
densities, fracture sizes or radii have a significant impact on
the randomness of fracture network distribution, resulting
in noticeable differences in solute transport in the DFM
systems. Therefore, investigating statistical regularities of
geometric parameters of field fractures, such as fracture
density, size or radius, can facilitate the accurate evaluation
of the long-term performance of geological barriers in
high-level radioactive waste repositories.

6 Conclusions

This article focuses on the investigation of the impacts
of fracture network structure upon solute transport in
stochastic DFM systems. Numerical simulations are car-
ried out using 3D DFM models for different scenarios.
The main achievements of this article are as follows.

(1) The obtained results for the outflow concentration in
the fractured rock mass show that with an increase in
fracture density (P3, = 0.80-1.65 m™~') or minimum
fracture radius (R = 1.5-2.5 m), the intersection
between well-connected fractured increased signifi-
cantly. Consequently, a larger portion of the entire
fracture network became accessible for fluid flow.

(2) The increasing channeling flow leads to an increase in
the number of solute transport channels in the frac-
tured rock mass and then more solutes migrate into
the surrounding rock matrix. As a result, solute trans-
port to the outflow face is expedited, ultimately lead-
ing to an increase in the effluent solute concentration.

(3) When solute transport reaches the steady state, the
COV of effluent concentration decreases with increas-
ing fracture density or minimum fracture radius in
different scenarios, from 0.155 or 0.126 to 0.056,
showing a significant improvement in the homogene-
ity of solute transport process in 3D DFM systems.

This study primarily focuses on the influence of the frac-
ture network structure and analysis of the uncertainty in
solute migration through 3D DFM systems. The impact
of more realistic fracture density, fracture size or fracture
roughness supported by site-specific field data, and the size

effect of the research domain and its potential impact on
solute transport behaviors need to be further studied
(Zhong et al., 2023). In addition, we only analyzed the
solute transport characteristics based on velocity and con-
centration fields, CDF and CCDF, and effluent solute con-
centration. The relationship between the transport
characteristics (i.e., early arrival, and long tail) and the
connectivity of the fracture network structures, such as
the percolation probability (He et al., 2023), and geological
entropy (Bianchi & Pedretti, 2018; Ye et al., 2021), are
important topics for future study.
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