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Abstract 
Non-Darcian flow has been well documented for fractured media, while the 
potential non-Darcian flow and its driven factors in field-scale discrete frac-
ture networks (DFNs) remain obscure. This study conducts Monte Carlo si-
mulations of water flow through DFNs to identify non-Darcian flow and 
non-Fickian pressure propagation in field-scale DFNs, by adjusting fracture 
density, matrix hydraulic conductivity, and the general hydraulic gradient. 
Numerical simulations and analyses show that interactions of the fracture ar-
chitecture with the hydraulic gradient affect non-Darcian flow in DFNs, by 
generating and adjusting complex pathways for water. The fracture density 
affects significantly the propagation of hydraulic head/pressure in the DFN, 
likely due to fracture connectivity and flow channeling. The non-Darcian flow 
pattern may not be directly correlated to the non-Fickian pressure propaga-
tion process in the regional-scale DFNs, because they refer to different states 
of water flow and their controlling factors may not be the same. Findings of 
this study improve our understanding of the nature of flow in DFNs. 
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1. Introduction 

Darcy’s law proposed by Henry Darcy maintains that the specific discharge of 
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water increases linearly with the gradient of hydraulic head along a 3.5-m-long 
saturated column filled with homogeneous sand [1]. This fundamental law has 
been used to quantify various dynamics in natural media with different degrees 
of heterogeneity and scales for more than one century, such as disposal of ra-
dioactive waste, geothermal utilization by hot dry rock systems, oil and gas pro-
duction from fractured reservoirs, and water production from fractured rock [2] 
[3]. However, subsurface fluid flow with non-Darcian characteristics, where the 
flow rate is nonlinearly related to the hydraulic gradient (also called “pressure 
drop”), has been detected in fractured media for decades, especially in the petro-
leum industry [4] which noted that quantifying these effects has proved difficult 
[5]. For example, non-Darcian flow has been observed in a variety of situations, 
such as a single confined vertical fracture toward a well [6], catalytic packed-bed 
reactors [7], and fractured rock [2].  

This study aims at exploring the potential for non-Darcy flow in field-scale 
discrete fracture networks (DFNs). Fluid flow transition from Darcian to 
non-Darcian has been confirmed and broadly studied in the case of a single rock 
fracture [8], while such a transition in DFNs has not been fully studied. In addi-
tion, non-Darcy flow can occur over a broad spectrum of flow rates, including 
turbulent flow (for Reynolds number larger than 2000) and low rates in the ini-
tial regime (due to the competition between the interface friction and the pres-
sure gradient). For example, previous studies found a nonlinear relationship 
between flow rate and pressure drop when either of these parameters becomes 
large [9] [10]. This study investigates the impact of flow velocity characteristics 
of subsurface flow through fracture networks on the evolution of non-Darcy 
dynamics. To address the above issues, we will conduct flow simulations involv-
ing DFNs with systematic changes in geometric characteristics and applied hy-
draulic gradient. The impacts of fracture density and matrix permeability are al-
so studied. 

We will also explore the possible impact of non-Darcy flow on the transient 
dynamics of water flow through DFNs, which has not been addressed in pre-
vious studies. Darcy or non-Darcy flow is usually defined using steady-state 
flows, where the asymptotic flow rate is used to build the relationship with the 
pressure drop. Water flow in natural aquifers is often transient, due to the 
change of input (such as short-term weather change) and/or output (i.e., pump-
ing), and therefore the transient flow dynamics are practically important. 

The rest of this work is organized as follows. Section 2 presents the Monte 
Carlo approach to simulation water flux and pressure propagation through 
multiple DFNs, which is one of the most efficient ways to investigate the im-
pact of fracture properties on water flow behaviors. Results of the Monte Carlo 
simulations and evaluation using a standard dispersion equation (SDE) are 
presented in section 3. In section 4, we discuss the possible signal of non-Darcian 
flow and non-Fickian pressure propagation and their characterizations. The im-
pacts of fracture density and rock matrix permeability on non-Darcian flow 
and non-Fickian pressure transfer are investigated. Conclusions are drawn in 
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section 5. 

2. Monte Carlo Simulation and Standard-Dispersion  
Equation 

There are three major steps in the Monte Carlo simulation of water flow through 
saturated field-scale DFNs. First, we generate equally possible but different rea-
lizations of stochastic fracture networks for DFNs for each pre-assigned fracture 
density, using Hydro Geo Sphere (HGS) software (v.111, Aquanty Inc., Water-
loo, ON, Canada) [11]. HGS is a multi-dimensional, control–volume, finite ele-
ment simulator designed to quantify the hydrologic cycle, including groundwa-
ter flow and transport in fractured aquifers. Second, pressure drop and water 
flow through the generated DFNs under both steady state and transient condi-
tions are modeled using HGS, providing the synthetic data to evaluate the influ-
ence of the DFN property on water flow dynamics. Third, propagation of the 
hydraulic head/pressure is calculated by the Fick’s law-based dispersion equa-
tion, which describes the Fickian type of transport and can be used to identify 
any anomalous dynamics embedded in transient flow in complex DFNs. 

2.1. Random Discrete Fracture Network Generation 

The two-dimensional DFN has a dimension of 50 m (discretized into 100 blocks) 
along the longitudinal direction (x axis) and 25 m (50 blocks) vertically (z axis). 
Three scenarios of DFNs, with each containing 100 realizations of DFNs, are 
built, which have their own unique time-dependent seed based on the current 
system time to generate random fractures. Each fracture network is composed of 
two superimposed sets of fractures, which are orthogonal to each other (orienta-
tions are 0˚ and 90˚) as observed commonly in realistic DFNs [12]. The ensem-
ble average of the 100 flow and pressure propagation simulations are calculated 
for each scenario. A similar geometry was used previously to study subdiffusive 
transport in fractured formations by Lu et al. [13], where details about the DFN 
models, such as fracture locations, orientation, length, and hydraulic conductivi-
ties distributions can be found. We extend the work of Lu et al. [13] by investi-
gating the relationship between pressure drop and flow rate, one of the funda-
mental problems in hydrologic sciences. We also test the influence of matrix hy-
draulic conductivity K, which increases from 1 × 10−8 to 1 × 10−7 m/s. 

2.2. Modeling Groundwater Flow and Pressure Propagationin DFNs 

Both the steady-state and transient groundwater flow through the confined 
aquifer generated above were solved by HGS. Parameters for the flow model are 
the same as those used in [13], which are chosen based on field experiments and 
literature values [14] [15]. The main flow direction is from left to right, with a 
general hydraulic gradient (J) defined as the ratio of the hydraulic head differ-
ence to the DFN domainsize (∆x = 50 m). The left and right boundaries are then 
assigned as constant head boundaries, to propagate the general hydraulic gra-
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dient across the model domain. 

2.3. Standard-Dispersion Equation to Quantify Pressure Propagation 

Hydraulic head (or the propagation of the hydraulic pressure) is typically de-
scribed by the well-known Boussinesq flow equation [16], which can be written 
in the following standard-diffusion equation form with constant parameter: 

2

2

p pD
t x

∂ ∂
=

∂ ∂
                          (1) 

where p(x, t) denotes the spatially and temporally varying pressure, and D 
represents the diffusion coefficient. Considering the initial condition: p(x, t = 0) 
= 0 and the constant-pressure boundary conditions (p(x = 0, t = 0) = pl for the 
inlet boundary), we obtain the following analytical solution for model (1): 

( , ) 1 erf
4l
xp x t p
Dt

  
= −  

  
,                  (2) 

where erf(·) represents the error function. 
In the following two sections, we will model the pressure propagation using 

the SDE(1) to investigate the mechanism behind the propagation of the pressure 
(head). 

3. Results of Monte Carlo Simulations 

The ensemble average of steady-state water flux across the outlet (right) boun-
dary for all 100 realizations is plotted in Figure 1 with the pre-assigned hydraulic 
gradient (J). Curves in Figure 1 show the best-fit linear trendline (black line) and 
the power-law trendline (blue line). Three scenarios of DFNs with different fracture 
densities are considered, which contain 20, 60 and 100 fractures, respectively. 

Results show that the DFN with 100 fractures contains the largest noise in the 
simulated flux (especially for a relatively small hydraulic gradient: 1 × 10−6 < J < 
1 × 10−3), and the relationship between hydraulic gradient and flux transfers 
from non-linear (power-law) to linear gradually (Figure 1(c)). The noise in 
Figure 1(c) might be an artificial oscillation due to the solver or the limited num-
ber of realizations, but the nonlinear region may be real since it also appears in all 
the other scenarios (Figure 1(a), Figure 1(b)). With less fractures in the rock mass, 
the nonlinear portion shortens (Figure 1(a), Figure 1(b)). In all scenarios, the 
overall increasing trend of water flux due to an increasing hydraulic gradient can be 
captured by a power-law function (Figure 1), satisfying the Izbash law [17]. 

The simulated transient flux at the outlet boundary is shown in Figure 2 with 
the matrix hydraulic conductivity K = 1 × 10−7 m/s. For illustration purposes, 
here we show the results with three hydraulic gradients: J = 1 × 10−5, 1 × 10−4, 
and 1 × 10−3. To explore the impact of K on transient flux, we re-ran the above 
Monte Carlo simulations and obtain the transient flux for K = 1 × 10−8 m/s 
(Figure 3). The best-fit of transient flux using the SDE (1) is also shown in these 
figures. 
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Figure 1. Ensemble average flux at the outlet boundary for the three DFN scenarios with a different number of fractures: 20 (a), 60 
(b), and 100 (c). The symbols are steady-state flux data simulated by HGS, and the solid lines are the best-fit trendlines. 
 

 
Figure 2. The normalized, ensemble average of transient flux for DFNs with the number off ractures being 20 (a), 60 (b) and 100 
(c). The matric conductivity is K = 1 × 10−7 m/s. Solid lines are the best-fit solutions of the SDE (1). In (a), D = 2 × 102, 5 × 103, 
and 1 × 104 m2/s for the green, red, and black lines, respectively. In (b), D = 2 × 103, 1 × 104, and 3 × 104 m2/s for the green, red, 
and black lines, respectively. In (c), D = 1 × 106 m2/s. 
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(c) Flux with 100 fractures in a log-log plot
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(b) Flux with 60 fractures in a log-log plot
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Figure 3. The same as Figure 2, except that the hydraulic conductivity for the rock matrix is K = 1 × 10−8 m/s. The solid lines are 
the best-fit solutions of the SDE (1). In (a), D = 5 × 10−1 and 5 × 102 m2/s for the green and black lines, respectively. In (b), D = 1 × 
106 m2/s for the black line. In (c), D = 1 × 106 m2/s for the black line. 
 

Figure 4 shows the distribution of hydraulic head, and Figure 5 lists the 
probability density function (PDF) for the flux for grids at the outlet boundary. 

4. Discussion 
4.1. Fracture Density and Hydraulic Gradient  

Affect Non-Darcian Flow 

The fracture density may affect Non-Darcian flow in field-scale fractured net-
works by generating complex flow paths for water, which can change with the 
magnitude of the general hydraulic gradient J. For a dense DFN (i.e., the DFN 
with 100 fractures, see Figure 4(c)), the random distribution of multiple frac-
tures causes a complex flow field consisting of multiple flow zones and sur-
rounding dead ends, especially for a relatively small J. The resultant longitudinal 
ensemble flux may not be as large as that predicted by the Darcy’s law (see the 
dots below the linear trendline shown in Figure 1(c)). The overall hydraulic 
connectivity along the longitudinal direction can be enhanced with an increasing 
J, leading to a larger longitudinal flux. When the general hydraulic gradient 
reaches a threshold Js, the overall flow paths reach stable (or reach the capacity of 
connection), and the corresponding longitudinal flux is now mainly controlled 
by J, resulting in Darcian flow. 

For a sparse DFN (such as the one with 20 fractures shown in Figure 4(a)), 
the flow channeling behavior is stronger than that in the dense DFN (similar to  
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Figure 4. One realization of the hydraulic head distribution with the matrix hydraulic conductivity K = 1 × 10−7 m/sand hydraulic 
gradient J = 0.1 at a nearly time (t = 1 × 104 s) for the DFN with 20 (a), 60 (b), and 100 fractures (c). The right plot shows a late 
time (t = 7 × 104 s) hydraulic head for the DFN with 20 (d), 60 (e), and 100 fractures (f). 
 

that observed in a fluvial setting with a small proportion of high-permeability 
ancient channels [18]), and hence it requires a relatively smaller Js to reach the 
connection capacity and the Darcian flow regime. Therefore, if J is less than Js, 
both the DFN’s internal architecture and the pressure gradient affect water flux, 
generating strong non-Darcian flow. When J is larger than Js, Darcian flow do-
minates all DFNs. The denser for the DFN, the larger for the threshold Js. For 
example, Monte Carlo simulations of this study show that Js is equal to 1 × 10−4, 
2 × 10−4, and 1 × 10−3 for the DFN with 20, 60 and 100 fractures (see Figure 1). 
The general hydraulic gradient J usually ranges between 10−4 and 10−1 in natural 
aquifers, and hence flow in the field-scale DFN most likely follows Darcy’s law, 
especially for the DFN with sparse fractures. 
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The channeling of flow can also be found in Figure 5. Grid-based flux differs 
significantly between DFNs and shows a broad distribution. The dense DFN has 
a positive skewness for the PDF (Figure 5(c)), while the sparse DFN has a rela-
tively negative skewness for the PDF (Figure 5(a)), implying a stronger channe-
ling effect for the sparse DFN (where the large flux is embedded in a smaller 
number of fractures). 

4.2. Impact of Fracture Density on Non-Fickian Pressure Propagation 

The sparse DFN exhibits stronger non-Fickian pressure propagation, especially 
at the early time, due to the following three reasons. First, the sparse DFN has a 
relatively small effective hydraulic conductivity, resulting in an overall slow mo-
tion for water. It therefore takes a longer time for the transient flux in the spare 
DFN to reach its asymptote, generating the transient flux with a delayed arriving 
limb at the early time (see Figure 2 and Figure 3). Second, the inlet boundary of 
the sparse DFN has a lower probability of direct connection with the fracture 
than the dense DFN, and hence water must pass through the low-permeable 
rock matrix before reaching the preferential flow paths. Third, the sparse DFN 
has a stronger channeling impact, as mentioned above, and hence the major 
conduits consisting of the sparse and long fractures can transfer water (or pres-
sure) quickly, when water reaches these water “conduits” (see Figure 4). The 
transient flux can now increase quickly, as shown by the late-time symbols above 

 

 
Figure 5. Histogram of the flux of 100 realizations for each node at the outlet boundary for the DFN with 20 (a), 60 (b), and 100 
fractures (c). The matrix hydraulic conductivity K = 1 × 10−7m/s. The curve represents the best-fit probability distribution func-
tion. 
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(b) Flux with 60 fractures 
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(c) Flux with 100 fractures 
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the SDE curve in Figure 2(a). The delayed pressure propagation at the early 
time and the enhanced propagation at the middle to late times for the sparse 
DFN, therefore, transfer the hydraulic pressure quite differently from that pre-
dicted by a wave diffusive model like the SDE (1). 

The delayed transfer of water at the early time is also observed for dense DFNs 
(Figure 2(c) and Figure 3(c)). Water needs to fill most of the discrete fractures, 
where some of them are not connected with the major flow paths. The time re-
quired to build the major flow paths may decrease with increasing fracture den-
sity, since more fractures in the domain can provide a higher probability for an 
interconnected network. We name this time the “initial regime”, where the 
propagation of pressure does not follow the Fick’s law. As shown by the above 
Monte Carlo simulations, the initial regime is shorter for a denser DFN. 

4.3. Impact of Matrix Permeability on Transient Flow 

Decrease of the rock matrix hydraulic conductivity tends to retard further the 
propagation of pressure for all DFNs tested in this study, implying that a larger 
permeability contrast between fractures and matrix leads to a stronger 
non-Fickian propagation of the hydraulic pressure. It is also noteworthy that for 
the sparse DFN (with 20 fractures), the inlet boundary for some realizations may 
not be directly connected with the major fractures, and hence the decrease of the 
matrix hydraulic conductivity causes significantly slow arrival of the transient 
flux (by comparing Figure 2(a) and Figure 3(a)). The delayed flow for the other 
DFNs is not so apparent, since their inlet boundary has a higher chance of frac-
ture connection, as shown by Figure 4(b) & Figure 4(c). 

4.4. Non-Darcian Flow versus Non-Fickian Pressure Propagation 

We do not find direct correlation between non-Darcian flow and non-Fickian 
pressure propagation in field-scale DFNs. Non-Darcian flow quantifies the 
steady-state flux, while non-Fickian pressure propagation focuses on the evolu-
tion dynamics of transient flux before reaching its steady-state asymptote. 
Hence, they need not to be directly connected. Indeed, the above Monte Carlo 
simulations showed that the dense DFN with strong non-Darcian flow tends to 
exhibit weak non-Fickian pressure propagation. Our analysis also shows that the 
threshold hydraulic gradient Js distinguishes Darcian and non-Darcian flow, 
while the initial regime related to fracture connectivity and architecture affects 
the early-time non-Fickian pressure propagation. 

5. Conclusions 

This study conducts Monte Carlo simulations to identify possible non-Darcian 
flow and non-Fickian pressure propagation in field-scale discrete fracture net-
works. Multiple scenarios of DFNs are generated with different fracture densities 
and matrix hydraulic conductivities. Flux needed for Darcian/non-Darcian flow 
analysis is calculated from the steady-state flow models using HGS, and the 
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transient motion of water is modeled to reveal possible non-Fickian propagation 
of hydraulic pressure. Numerical simulations and result analysis lead to the fol-
lowing three main conclusions. 

First, both the fracture network architecture and the general hydraulic gra-
dient J affect the Darcian/non-Darcian flow in DFNs. The fracture density may 
affect flow dynamics by generating complex flow paths for water, and the gradient 
Jcan adjust the flow field and provide the criterion for Darcian/non-Darcian flow. 
Strong non-Darcian flow appears for J less than the threshold Js, where this 
threshold increases with an increasing fracture density. 

Second, fracture density affects significantly the propagation of hydraulic head 
or pressure in the DFN. A sparse DFN can cause both delayed motion of water 
at the early time (likely due to the small effective hydraulic conductivity and the 
poor fracture connectivity) and enhanced flow at the middle/late time (likely due 
to the enhanced flow channeling), resulting in strong non-Fickian pressure 
propagation. 

Third, the non-Darcian flow pattern needs not to be directly related to the 
non-Fickian pressure propagation process in field-scale DFNs, because they re-
fer to different states of water flow and their controlling factors may not be ex-
actly the same. 
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