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Abstract    This  study  aims  to  propose  an  empirical
prediction  model  of  hydraulic  aperture  of  2D  rough
fractures through numerical simulations by considering the
influences of fracture length, average mechanical aperture,
minimum mechanical aperture, joint roughness coefficient
(JRC) and hydraulic gradient.  We generate 600 numerical
models  using  successive  random  additions  (SRA)
algorithm  and  for  each  model,  seven  hydraulic  gradients
spanning from 2.5 × 10−7 to 1 are considered to fully cover
both linear and nonlinear flow regimes. As a result, a total
of 4200 fluid flow cases are simulated, which can provide
sufficient data for the prediction of hydraulic aperture. The
results  show  that  as  the  ratio  of  average  mechanical
aperture  to  fracture  length  increases  from 0.01  to  0.2,  the
hydraulic aperture increases following logarithm functions.
As  the  hydraulic  gradient  increases  from 2.5  ×  10−7 to  1,
the  hydraulic  aperture  decreases  following  logarithm
functions. When a relatively low hydraulic gradient (i.e., 5
×  10−7)  is  applied  between  the  inlet  and  the  outlet
boundaries,  the  streamlines  are  of  parallel  distribution
within  the  fractures.  However,  when  a  relatively  large
hydraulic  gradient  (i.e.,  0.5)  is  applied  between  the  inlet
and the outlet boundaries, the streamlines are disturbed and
a  number  of  eddies  are  formed.  The  hydraulic  aperture
predicted  using  the  proposed  empirical  functions  agree
well  with  the  calculated  results  and  is  more  reliable  than
those available  in  the  preceding literature.  In  practice,  the
hydraulic  aperture  can  be  calculated  as  a  first-order
estimation  using  the  proposed  prediction  model  when  the
associated parameters are given.
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1    Introduction

An appropriate estimation of the hydraulic characteristics
of  fluid  flow  through  fractured  rock  masses  is  of  great
importance in many practical applications such as oil/gas
extraction  and  storage  (Kim et al., 2007; Wang  et al.,
2015b; Wang  et al.,  2017; Ju  et  al.,  2019),  geothermal
energy  development  (Hou  et al.,  2018; Kumari  and
Ranjith,  2019; Gong  et al.,  2020; Guo  et  al.,  2021),
remediation  of  contaminated  groundwater  (Zhao et al.,
2016; Liu et al., 2021a),  and  nuclear  waste  disposal
(Awual et al., 2020).

It  has  been  confirmed  by  previous  works  that  the
hydraulic  aperture  (eh)  exerts  a  dominate  control  on
hydraulic characteristics of  fractured rock masses,  which
is  potentially  sensitive  to  mechanical  aperture  (em),  sur-
face  roughness  and  hydraulic  gradient  (J)  (Zimmerman
and Bodvarsson, 1996; Xiong et al., 2013; Javadi et al.,
2014; Zou et al., 2017; Dang et al., 2019; Liu et al., 2020;
Tan et al., 2020).  The  mechanical  aperture  is  defined  as
the  arithmetic  average  distance  between  the  opposite
fracture  walls  (Barton et al., 1985; Renshaw, 1995; Zhao
et al., 2017),  which  is  independent  of  inertial  effect,  has
been  widely  used  as  an  important  parameter  to
characterize the geometric properties of single fractures in
previous studies. However, the distributions of em and the
surface  roughness  of  natural  fractures  are  random  and
irregular.  There  are  rarely  smooth  fractures  in  natural
rock  masses  and  the  surface  roughness  gives  rise  to  the
increment  of  the  flow  paths  and  the  decrement  of  the
permeability/transmissivity  (Li et al., 2021; Liu et al.,
2022).  Many  methods  have  been  used  to  characterize
fracture  surface  roughness,  such  as  root-mean-square  of
first derivative of asperity height, Hurst exponent, fractal
dimension, and joint roughness coefficient (JRC) (Myers,
1962; Barton, 1974; Babadagli et al., 2015; Huang et al.,
2019),  where JRC is  an  important  factor  for  estimating
the  fracture  surface  roughness.  Many  researchers  found
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that  the  relationship  between  flow  rate  (Q)  and J in
rough-walled  fractures  is  nonlinear  deviating  from  the
cubic law (Zimmerman and Bodvarsson, 1996; Cao et al.,
2019; Sun et al., 2020; Tan et al., 2020).  The eh is
typically  derived  by  back-calculating  the  cubic  law
assuming  a  smooth  parallel-plate  fracture  model  (Snow,
1970; Tsang and Witherspoon, 1981; Barton et al., 1985;
Nowamooz et al., 2009; Wang et al., 2015a; Yin et al.,
2017).

The natural rough fracture as shown in Fig. 1(a) usually
features lots of contacts, which will reduce the equivalent
permeability  of  the  fracture.  While  maintaining  equal
permeability,  rough  fracture  containing  contacts  can  be
equivalent  to  the  fracture  with  smaller  mechanical
aperture  without  contacts  (Liu et al., 2015; Li et al.,
2019).  As  shown  in Fig. 1(b),  the  fracture  length l'  of
equivalent model generally equals to the fracture length l
of original  rough fracture,  while the mechanical  aperture
e'  of  equivalent  model  will  be  smaller  than  the
mechanical  aperture e of  original  rough  fracture.  At  this
point,  the  fracture  can  be  divided  into  a  series  of  2D
fracture  profiles  without  contacts  for  permeability
estimation. Besides, in practical engineering, it is difficult
to  measure  the  3D  void  spaces  inside  fractures,  but
predicting  the  fluid  flow  behaviors  through  2D  outcrop
profiles  is  an  effective  method  (Bisdom et al., 2016; Yu
et al., 2022).  So,  the  simplified  model  as  shown  in Fig.
1(b)  has  considered the influence of  contacts  and can be
used  for  a  fast  calculation  of  permeability.  A  series  of
typical  fluid  flow  tests  and  numerical  simulations  had
been  carried  out  to  study  the  evaluation  of eh under
different em, JRC,  and J,  and predicted models of eh had
been proposed (Yeo et al., 1998; Liu et al., 2016a; Huang
et al., 2017; Sun et al., 2020; Tan et al., 2020; Zhang and
Chai, 2020; Liu et al., 2021b). Ge et al. (2019) investi-
gated  the  relationship  between JRC and eh by  numerical
simulation using the lattice Boltzmann method, and their
study  focuses  on  artificially  created  2D  fractures  with
random roughness  following  Gaussian  distributions. Sun
et al. (2020) reported a new method for  predicting the eh
of rough rock fractures, by considering both the effects of
the em and  fracture  morphology  regardless  of  the
influence of J. The predicted models of eh reported in the
previous studies are listed in Table 1.  It  can be seen that

some  studies  only  established  the  relationship  between
JRC and  the em (Patir and Cheng, 1978; Barton  et al.,
1985; Olsson  and  Barton,  2001; Scesi and Gattinoni,
2007; Chen  et  al.,  2017),  while  some  studies  only
revealed the relationship between em and J (Witherspoon
et al., 1980; Liu,  2005; Rasouli  and  Hosseinian,  2011;
Xie  et al.,  2015).  The  above  studies  mainly  focused  on
the influences of JRC, em, and J on eh of fractures. In real
situation, the fluid flows through very small openings and
continues its  flow, whereas in a  2D channel  there would
be no fluid flow if the opening becomes zero. Therefore,
the  effects  of  the  minimum  (emin)  on  hydraulic
characteristics  should  be  fully  understood.  Nevertheless,
the  influence  of emin and  fracture  length  (l),  on  the
evolution of eh have rarely been considered.

This study systematically investigates the influences of
em, l, emin, JRC,  and J on eh and  proposes  a  model  for
predicting eh.  First,  we  generated  600  2D  rough  rock
fracture  models  (as  shown  in Table 2)  with  the l =
100−400  mm, em =  4−20  mm, JRC =  1.82−11.44  and
emin =  0−20  mm,  for  each  model  spanning  7  orders  of
inlet pressure magnitude to fully cover both the linear and
nonlinear  flow  regimes.  For  the  models  of l =  100  mm,
the J varies  from  10−6 to  100;  for  the  models  of l =
200 mm, the J varies from 5 × 10−1 to 5 × 10−1;  for  the
models  of l =  300 mm, the J varies  from 3.33 × 10−1 to
3.33 × 10−1;  for  the  models  of l =  400 mm, the J varies
from  2.5  ×  10−7 to  2.5  ×  10−1.  Then,  the  numerical
simulations  were  performed  to  investigate  the  hydraulic
properties  by  solving  the  Navier-Stokes  equations  based
on a finite volume method (FVM) code. Five parameters
(em, emin, JRC, l, J)  are  adopted  to  characterize  the eh.
Finally,  based  on  the  back  propagation  neural  network
(BP-NN)  algorithm,  a  training  database  containing 4200
fluid  flow  cases  were  established  and  the  empirical
prediction model of eh was proposed.

 

2    Governing equations and numerical
models

 2.1    Governing equations

Our  models  are  designed  to  represent  the  first-order
 

 
Fig. 1    Schematic view of contacts in a rough fracture. (a) Rough fracture with contacts; (b) equivalent model without contact.
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roughness  of  fractures  formed  by  primary  asperities,
which  play  dominant  roles  in  the  nonlinear  fluid  flow
properties  of  fractures  (Zou et al., 2015).  The  calculation
formula  proposed  by  Tse  and  Cruden  (1979)  has  been
suggested  by  International  Society  for  Rock  Mechanics
(ISRM)  (Brown, 1981)  as  a  representative JRC
measurement method, and has been widely accepted and
applied by many studies (Brown, 1981; Yang et al., 2001;
Rasouli and Hosseinian, 2011; Chen et al., 2015; Wang
et al., 2023; Yin et al., 2023).  Their  equation  is  obtained
based  on  the  measurement  results  of  the  ten  profiles
presented  by  Barton  and  Choubey  (1977),  and  the JRC
values  for  the  ten  profiles  are  ranging  from  0  to  20,

covering the JRC range of  this  study.  Thus,  we consider
this  function  as  a  representative.  The  expression  of  the
equation is as follows:

  

Table 1    Correlations between mechanical aperture and hydraulic aperture in previous studies
Authors and year Expression Description of symbols

Lomize (1951) eh = em
[
1.0+6.0(ξ/em)1.5

]

JRCmob

σapert

D∗
∆

θq

so

eh denotes the hydraulic aperture.
em denotes the average mechanical aperture.
ξ denotes the absolute asperity height.
ξa denotes the average asperity height.
Dh denotes the hydraulic radius.
Cv denotes the variation coefficient of mechanical aperture.
Δem denotes the mechanical aperture increment.
h denotes the empirical constant.
JRC denotes the joint roughness coefficient.

 denotes the mobilized value of JRC.
C denotes constant.
σb denotes the mechanical aperture standard deviation.

 denotes the standard deviation of the mean mechanical
aperture.
k denotes the contact area ratio of the fracture surface.
σbs denotes the standard deviation of mechanical aperture
during shear.
DT denotes fractal dimension.
α´ denotes an empirical constant.

 denotes the relative fracture dimension of the fracture.

B and b denote the coefficients depending on the geometrical
properties of the fracture.

 denotes the angle between the shear direction and flow

direction.
 denotes the standard deviation of the initial fracture.

α and β denote the fitting coefficients related to the surface
damage and the formation of gouge materials.

Louis and Maini (1969) eh = em
[
1.0+8.8(ξa/Dh)1.5

]
Patir and Cheng (1978) eh = em

(
1−0.9ξ−0.56/Cv

)1/3

Witherspoon et al. (1980) eh = em + f∆em

Walsh (1981) eh = bm [(1+ηϵ)/(1− ϵ)]−1/3

Cruz et al. (1982)
e2

h =
e2

m

m3
,m3 = 1+20.5

(
y

2em

)1.5

Barton et al. (1985) eh = e2
mJRC−2.5

Hakami (1995) eh = emC−0.5

Amadei and Illangasekare (1992) bh = bm[1+0.6(σb/em)]−1/3

Renshaw (1995) eh = emexp
(
−σ2

b/2
)

Zimmerman and Bodvarsson (1996) eh = em
[(

1−1.5σ2
b/bm

)
(1−2κ)

]1/3

Waite et al. (1999) bh = bm ·τ−1/3

Yeo et al. (1998)
eh = em

(
1−1.5

σapert

em

)1/3

(1−2.4C)1/3

Olsson and Barton (2001)
eh =

e2
m

JRC2.5

(
us < 0.75usp

)
eh = e1/2

m JRCmob(us ⩾ usp)
Liu (2005) eh = em

[
1+

(
σb

2/e2
m

)]−1/2

Scesi and Gattinoni (2007) eh = e2/3
m

[
1+8.8

(
0.5− em/2JRC2.5

)]−1/2

Matsuki et al. (2010)
eh = em

B+1−Bcos
(
2θq

)
1+b(em/so)−1.5

Rasouli and Hosseinian (2011)  eh = em[1−2.25(σb/em)]1/3

eh = em
(
1−0.03e−0.565

min

)JRC/3

Li and Jiang (2013) eh =
em

1+Z2.25
2

(Re < 1)

eh =
em

1+Z2.25
2 +

(
0.00006+0.004Z2.25

2

)
(Re−1)

(Re ⩾ 1)

Xie et al. (2015) eh = em
(
0.94−5

(
σ2

bs/em
))1/3

Liu et al. (2015)
eh =

(
4/πα’

)4−2DTLDT −1

Chen et al. (2017)
eh = em(1−1.1C)4(1+

2
D∗
∆

)
3/5

Cao et al. (2019) eh = α+βem
(
us < usp

)
eh = αexp(βem) (us > usp)

 

Table 2    Ranges of l, em, JRC, J, and emin used in the simulation

Parameters Range of values

l (mm) 100−400

em (mm) 4−20

JRC 1.822−11.438

J 2.5×10−7−100

emin (mm) 0−20
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JRC= 32.2+32.47lgZ2, (1)

where Z2 is the root mean square of the first deviation of
a profile (Myers, 1962; Tse and Cruden, 1979):
 

Z2 =

 1
M

∑(
zi−1− zi

xi−1− xi

)21/2

, (2)

where xi and zi represent  the x-  and z-coordinate  of  the
fracture surface profile i, respectively; M is the number of
sampling  points  along  the l (i.e., x-coordinate)  of  a
fracture.

For  incompressible  and  steady-state  Newtonian  fluid,
fluid  flow in  fractures  is  governed  by  the  Navier-Stokes
equations,  which  are  derived  based  on  Newton’s  second
law (Foias et al., 2002):
 

ρ[∂u/∂t + (u · ∇)u] = −∇P+∇ ·T+ρ f , (3)

where u is the flow velocity tenser, ρ is the fluid density,
P is the hydraulic pressure tensor, T is the stress tensor, t
is the time, and f is the body force tensor.

For  fractures  that  are  conceptualized  as  two  smooth
parallel  plates,  the  cubic  law  can  be  derived  from  the
Navier-Stokes  equations  and  applied  in  describing  fluid
flow  in  the  fractures  when  the  flow  in  the  fractures  is
assumed to be laminar and in the steady-state regime (Tse
and Cruden, 1979).  In  such  cases,  the  nonlinear  terms
(u·∇) u can be deleted. The Navier-Stokes equations can
be  simplified  to  Eq.  (4),  which  is  the  cubic  law  (Tsang
and  Witherspoon,  1981; Renshaw,  1995; Wang  and
Cardenas, 2014; Wang et al., 2015a; Yin et al., 2017):
 

Q = −
wρge3

h
12µ

J, (4)

where Q is  the  flow  rate, g is  the  gravitational
acceleration, μ is the dynamic viscosity, w is the width of
a  fracture  that  equals  to  1  m  for  2D  models. J is  the
hydraulic gradient, which can be expressed as
 

J = −∆P/(ρgl)， (5)

where  −ΔP is  the  difference  in  fluid  pressure  between
inlet and outlet.

Based  on  the  Eq.  (4),  the eh in  2D  fractures  can  be
expressed as
 

eh =

(
12Qµ
ρgJ

)1/3

. (6)

Equation (6) shows the standard method for calculating
eh,  which has  been widely  accepted in  the  fields  of  rock
mechanics  and  rock  engineering  (Witherspoon et al.,
1980; Brown, 1981; Matsuki et al., 2010; Cardona et al.,
2021).  The Q can  be  calculated  by  solving  cubic  law or
Navier-Stokes  equations,  according  to  requirements.  For
smooth  parallel-plate  models,  the  cubic  law can  be  used
for  calculating Q when  the  flow  velocity  is  sufficiently

small.  In  this  study,  the  fractur  surface  roughness  and
nonlinearity  of  fluid  flow  have  been  considered,  so  that
the  cubic  law  is  not  suitable  and  the  Navier-Stokes
equations  are  solved.  For  a  rougher  fracture  or  a  larger
hydraulic  gradient  that  corresponds  to  a  stronger
nonlinearity,  the Q is  smaller,  resulting  in  that  the eh is
smaller by substituting Q into Eq. (3).

 2.2    Generation of 2D numerical models

Natural  fracture  surfaces  are  rough  and  show  self-affine
characteristics  (Brown  and  Scholz,  1985; Power and
Tullis, 1991; Odling, 1994; Kulatilake et al., 2006; Ge
et al., 2014).  A large number of numerical  methods have
been  developed  to  artificially  generate  fracture  surface
such  as  the  successive  random  additions  (SRA),  the
randomization  of  the  Weierstrass-Mandelbrot  function
and the Fourier transformation (Wang et al., 2016). In the
present study, the widely accepted SRA with a fractional
Brown  motion  (fBm)  is  adopted,  written  as  (Liu et al.,
2004; Ye et al., 2015):
 

< Z(x+rlx,y+rly)–Z(x,y) >= 0, (7)

 

σrl= rHσl, (8)

√
l2x + l2y

where  <    >  is  the  mathematical  expectation, r is  a
constant  value, H is  the  Hurst  coefficient  that  typically
ranges  between  0.45  and  0.85  for  rock  fracture  surfaces
(Odling, 1994; Schmittbuhl et al., 2008; Babadagli et al.,
2015), Z is the asperity height, and σ is the square root of
variance  of Z.  The  asperity  height  increment  [Z (x+rlx,
y+rly) – Z (x,  y)]  over distance  follows Gaussian
distribution (Liu and Molz, 1996). The Hurst exponent H
is  related  to  fractal  dimension D,  using  the  equation
(Odling, 1994):
 

D = E−H, (9)

where E is  the  Euclidean  dimension  of  the  embedding
medium (3 for surfaces and 2 for surface profiles).

 2.3    Numerical simulation processes

Using the SRA algorithm developed by (Liu et al., 2004),
rough  surfaces  were  generated  using  different  random
number seeds with H = 0.5. The 3D surfaces of fractures
were divided into four groups and processed to the sizes
of  100  mm  ×  100  mm,  100  mm  ×  200  mm, 100  mm  ×
300 mm and 100 mm × 400 mm, respectively.

A  total  of  20  3D  models  of  the  surface  morphology
were established and one example is shown in Fig. 2. The
3D  fracture  models  are  composed  of  the  upper  rough
surface  and  the  lower  rough  surface.  The  color  of  the
upper surface represents the height of the asperities.

The  2D  models  were  generated  using  cutting  planes
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that  are  perpendicular  to  the xy plane  along z-direction
with a sampling interval of 1 mm. Therefore, l of the 2D
models  are  100  mm,  200  mm,  300  mm,  and  400  mm
corresponding to  the size of  the 3D models.  And JRC is
in  the  range  of  1.82−11.44,  which  is  controlled  by  the
asperity  height  of  the  3D  fracture  models.  During  the
formation of rough fractures, the protrusions on the rough
walls of the fractures will  be broken and worn under the
action  of  shear  force  or  chemical  corrosion,  resulting  in
different  top  and  bottom  wall  morphologies  of
nonmatching  fractures.  The  arithmetic  mean  of  the  two-
walled  roughness  (JRCave)  is  often  used  to  characterize
the  fracture  morphology,  and  the  influence  of  different
morphologies  can  be  analyzed  by  the  minimum
mechanical  aperture  (emin),  which  is  a  parameter  in  this
study (Rasouli and Hosseinian, 2011; Sun et al., 2020). In
addition,  expressing  the JRC values  of  the  upper  and
lower  surfaces  with  average JRC values  can  help  make
one JRC value  corresponding  to  one  single  fracture,
which will help simplify the expression on the roughness
of  fractures  and can be easily  obtained through mapping
outcrops of rock masses. Thus, the JRC of each 2D model
is the average value of the JRC of the upper surface and
that  of the lower surface in this study. For each JRC, em
was set in the range of 4−20 mm with an interval of 4 mm
to investigate the effect of em on hydraulic characteristics.

The  minimum emin is  0  mm  and  the  maximum emin is
20 mm. −ΔP varies  from 10−3 to  103,  spanning 7 orders
of  magnitude  to  fully  cover  both  linear  and  nonlinear
flow  regimes.  One  2D  model  is  shown  in Fig. 3.  The
upper  and  lower  surfaces  of  the  fracture  are  modeled  as
impermeable  boundaries  and  assumed  to  be  nondeform-
able. The fluid flows through the 2D model from the inlet
at  the  left  boundary  to  the  outlet  at  the  right  boundary.
The  inlet  and  outlet  were  modeled  as  pressure-inlet  and
pressure-outlet  boundaries,  in  which  the  inlet  pressure
and  outlet  pressure  are P1 and P2,  respectively.  Each
model  was  meshed  in  the  mechanical  aperture  direction
(perpendicular  to  the  flow  direction)  using  20  layers,
which is the same number of layers used by Xiong et al.
(2013)  and  is  verified  to  be  sufficiently  validate  during
the fluid flow simulation process (Xiong et al., 2011; Liu
et al., 2017).  An enlarged view of  the  meshes  performed
using ANSYS ICEM is shown in Fig. 3.

The fractures were plotted in AutoCAD and exported as
SAT  files.  The  SAT  files  were  imported  into  ANSYS
ICEM  for  meshing.  The  quadrilateral  meshes  with  a
maximum  side  length  of  0.2  mm  were  adopted  to  mesh
the  fractures.  Thus,  there  are  more  than  20  layers  along
the  mechanical  aperture  direction.  The  meshed  fractures
models were saved as MESH files and then imported into
ANSYS  FLUENT  for  calculating  the Q through  each

 

 
Fig. 2    The void spaces  of  a  rough-walled three-dimensional  fracture.  The color  of  the  upper  surface  represents  the  height  of  the
asperities. The two-dimensional models are generated using cutting planes that are perpendicular to the xy plane along z-direction.

 

 
Fig. 3    Geometry of fractures, boundary conditions, and an example of meshing. The local aperture is denoted as E and the smallest
local aperture is represented by emin.
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model.  The  numerical  simulations  were  performed  to
characterize  nonlinear  flow  in  rock  fractures  by  solving
the  Navier-Stokes  equations  based  on  an  FVM  code,
which  has  been  verified  in  previous  studies  (Li et al.,
2016a; Li et al., 2016b; Liu et al., 2016b, 2016c).  No-slip
boundary  conditions  were  assigned  to  the  two  fracture
walls. The density and viscosity of water are 998.2 kg/m3

and 0.001003 Pa·s, respectively, when the temperature is
assumed to be 25°C. We have also checked the effect of
number of iterations and found that the calculated results
are  stable  after 1500 iterations.  So,  the  number  of
iterations was determined as 1500.

When  the  hydraulic  pressures  are  applied  at  the
boundaries, Q can be calculated by solving Eq.  (3).  And
by  substituting Q into  Eq.  (6),  the  value  of eh can  be
obtained.

 

3    Results and discussion

 3.1    Validity of proposed numerical simulation code

To  verify  the  validity  of  the  proposed  numerical
simulation  code,  10  parallel  plate  models  with l =
100  mm  and em increases  from  1  mm  to  10  mm  are
established.  A  sufficiently  small  hydraulic  pressure  drop
( −ΔP/Δl) of 0.1 Pa/m is applied on the fracture models to
guarantee linear flow between inlet and outlet. By solving
the Navier-Stokes equations, Q through the model can be
calculated.  The  theoretical  values  of Q are  derived
according to Eq. (4).

The  numerically  calculated  results  agree  well  with  the
theoretical results predicted by Eq. (4) as shown in Fig. 4.
The  numerically  calculated  results  are  slightly  smaller
than the theoretical results when em ranges from 7 mm to
10  mm.  This  is  because  when em increases,  the  plane
areas  of  the opening space imported into ANSYS ICEM
for  meshing  also  increase,  the  grid  density  will  decrease
relatively.  The  computational  accuracy  of  the  FLUENT

software  is  precisely  affected  by  the  mesh  density.
Relative  errors  between  numerical  results  calculated  by
proposed  numerical  method  and  theoretical  results
predicted  by  Eq.  (4)  are  less  than  0.5% for  all  cases,  so
the  deviations  are  acceptable.  These  results  efficiently
verify  the  validity  of  the  proposed  numerical  simulation
code.

 3.2    Influences of J, l, em, emin, and JRC on hydraulic
characteristics

For the models with em = 4 mm, em = 8 mm, em = 12 mm,
em =  16  mm,  and em =  20  mm,  the  variations  in Q/J
versus J are  shown  in Figs. 5−9.  The  variations  in Q/J
exhibit  three-stage  characteristics  with  increasing J:  a
linear  regime  (weak  inertial  regime),  a  transition  region,
and a nonlinear  region (strong inertial  regime). J is  used
rather than Reynolds number because J is a macroscopic
dimensionless parameter that generally has a known value
in  practices  during  hydraulic  pump tests  with  prescribed
hydraulic  pressures  (Li et al., 2016a).  When em =  4  mm
and l = 100 mm, the linear regime of the variation of Q/J
exists in J = 10−6−10−5.  When em = 4 mm, l = 200 mm,
300  mm,  400  mm,  the  linear  regime  of  the  variation  of
Q/J exists  in J =  10−6−10−4.  Therefore,  the  larger l,  the
larger J corresponding  to  fluid  flow in  the  linear  regime
when em = 4 mm. When em = 8 mm, the linear regime of
the variation of Q/J are much smaller than those of em =
4  mm.  When  the em is  equal  to  12  mm,  16  mm  and
20  mm  respectively,  the Q/J has  only  an  obvious
nonlinear  region,  even  when J =  10−7.  When em is
relatively  small  (i.e.,  4  mm  and  8  mm), Q/J is
significantly  influenced  by emin and JRC.  When em is
relatively large (i.e.,  12 mm, 16 mm, 20 mm),  the effect
of the emin and the JRC on the Q/J −J relationships is not
obvious as shown in Figs. 8 and 9. This is because when
em is  sufficiently  small,  the  flow  rate  is  significantly
influenced  by  the  viscous  force,  which  is  predominantly
controlled  by emin and JRC.  When em is  relatively  large,
the  inertial  force  is  much  larger  than  the  viscous  force,
and em, l,  and J play the leading role in the evolution of
Q/J in these cases.

 3.3    Streamline distributions

To  visualize  the  flow  paths,  a  number  of  particles  are
injected  at  the  inlet  and  the  streamlines  are  recorded
according  to  the  particle  variables  as  shown  in Fig. 10.
According  to  Eq.  (5), J can  be  calculated  when  −ΔP is
given when l = 200 mm. When −ΔP is sufficiently small
(i.e., −ΔP = 0.001 Pa and J = 5 × 10−7), the Q is relatively
small  and  the  effect  of  inertial  forces  can  be  neglected,
resulting  in  that  the  fluid  flow  is  in  the  linear  regime.
When −ΔP is large (i.e., − ΔP = 1000 Pa and J = 0.5), the
fluid flow converts  to  the nonlinear  flow regime and the
effect of inertial  forces cannot be negligible with respect

 

 
Fig. 4    Comparison  of  flow  rate  between  theoretical  and  simulated
results.
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to  viscous  forces.  Here, J =  5  ×  10−7 and J =  0.5  are
chosen to represent the linear and nonlinear flow regimes,
and  the  corresponding  streamline  distributions  and
velocity  distributions  are  presented  in Figs. 10 and 11,
respectively.  In  the  linear  flow  regime,  the  particles
smoothly  flow  through  the  void  spaces  formed  by  the
tortuous  lower  and  upper  surfaces.  Since  the  viscous
force is much larger than the inertial force, no eddies are
formed,  and  the  direction  of  the  flow  velocity  vector  is
uniformly distributed from the inlet direction to the outlet
direction  (i.e., Figs. 10(a),  10(c),  10(e), 11(a),  11(c),
11(e)).  In  the  nonlinear  flow  regime,  the  inertial  force
cannot  be  negligible  with  respect  to  the  viscous  force.
Many  eddies  are  located  at  different  locations  with
different  sizes  and  shapes.  These  eddies  give  rise  to
energy  losses,  decreasing  the  transmissivity/permeability
of fractures. When JRC is smaller (i.e., JRC = 5.42), the
eddies  exist  in  the  place  where  local  aperture  changes
significantly (i.e., the partial enlarged view of Fig. 10(b))
and  there  are  almost  no  eddies  in  the  place  where  local
aperture does not change robustly. Whereas when JRC is
larger  (i.e., JRC =  10.74),  the  eddies  are  distributed
within  the  total  aperture  fields,  due  to  the  influences  of
local aperture variations and rough surfaces of lower and

upper walls (i.e.,  the partial  enlarged view of Fig. 10(f)).
Therefore,  the  energy  losses  more  significantly  with  a
larger JRC,  resulting  in  smaller  transmissivity/permea-
bility. Meanwhile, obvious backflow phenomenon can be
observed at the eddies as shown in the partially enlarged
view  of Fig. 11.  The  backflow  in  the  nonlinear  flow  is
caused  by  the  inertial  effect,  which  has  been  verified  to
decrease  the  permeability  of  fractured  rock  masses  to  a
large extent.

 3.4    Influences of J, l, em, and emin on eh

It  is  found  that JRC has  little  effect  on  fluid  flow
characteristics  within  the  mechanical  aperture  range  of
4  mm  to  20  mm.  When  the  aperture  is  relatively  large,
nonlinear flow is mainly controlled by the aperture rather
than JRC, which is consistent with the results in previous
studies  (Zou et al., 2015; Liu et al., 2016a).  Thus,  we
choose  the  models  with JRC randomly  distributed  from
1.82  to  5.71.  In  these  cases,  the eh values  are  mainly
controlled by l, em, and J. Figure 12 shows the variations
in eh with em/l varying  from  0.01  to  0.2  and J varying
from  2.5  ×  10−7−100.  In  all  cases  with  different l,  the
variations of eh with em/l follow the logarithm functions.

 

 
Fig. 5    Variations in Q for em = 4 mm with varying l from 100 mm to 400 mm. (a) l = 100 mm; (b) l = 200 mm; (c) l = 300 mm;
(d) l =400 mm.
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For  a  smaller l (i.e.,  100  mm),  the  fitting  curve  of eh is
closer to straight.

Figure 13 shows  the  effect  of J on eh under  different
emin and l.  When emin varies  from  10−7 to  10−1 and l
varies  from  100  mm  to  400  mm,  and eh decreases
following the logarithm function with the increment of J.
The values  of eh are  close  to emin when J =  10−7,  but eh
decreases  with  the  increment  of J.  As  shown  in Fig.
13(a), when J = 10−6, emin and eh are 19.15 mm and 16.95
mm,  respectively,  and  when J =  10−4, eh is  9.73  mm,
which  is  exactly  twice  as  small  as emin.  This  is  because
when J is  sufficiently  small,  the  inertial  force  is  far
smaller than the viscous force in the entire flow field and
the determination of flow path is significantly influenced
by emin. Increment of J would give rise to the number and
volume of eddies and backflows which narrow down the
effective flow paths and consequently lead to the decrease
of eh.

 3.5    Empirical prediction model of eh

The eh is significantly correlated with JRC, l, em, emin, and
J.  Based  on  the  database  of 4200 fluid  flow  cases,  an

empirical prediction model of eh is proposed based on the
five  parameters  (l, em, JRC, emin,  and J).  The  database
was  imported  into  the  MATLAB  software,  and  the
artificial  neural  network  (ANN)  method  was  applied  to
calculate  the  input  and  output  of  neurons  in  each  layer.
ANNs  can  promise  models  to  account  for  implicit
relationships  between  variables  because  their  topology
structure is similar to multilayer perceptrons (McCulloch
and Pitts, 1943).  As  a  traditional  ANN  only  contains  a
forward-propagation  stage,  the  back  propagation  neural
network  (BP-NN)  is  designed  to  reduce  fitting  errors  by
adding  a  back-propagation  stage  to  adjust  weights  and
thresholds  online  (Rumelhart et al., 1986).  A  three-layer
structure,  which  includes  input  layer,  hidden  layer  and
output  layer,  is  applied  to  present  the  information
transmission, as shown in Fig. 14.

W′1 W′2 B′1 B′2

In Fig. 14, i nodes  in  the  input  layer, j nodes  in  the
hidden layer and m nodes in the output layer are set. x, h,
and y denote  input-layer  input,  hidden-layer  output  and
output-layer  output,  respectively. W1 denotes  weights
between input and hidden layers, and W2 denotes weights
between  hidden  and  output  layers. B1 and B2 stand  for
hidden-layer  and  output-layer  thresholds,  respectively.

, , , and  denote corresponding adjusted weights

 

 
Fig. 6    Variations in Q for em = 8 mm with varying l from 100 mm to 400 mm. (a) l = 100 mm; (b) l = 200 mm; (c) l = 300 mm;
(d) l =400 mm.
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and thresholds, and σu, σv, σb, and σd are the correspond-
ing  corrections,  respectively.  The  process  of  BP-NN  is
illustrated as follows.

1) According to xi, uij, and εj, the information flow from
the input layer to the hidden layer is shown as
 

H = f (W1X+B1), (10)

f ()
where X and H denote  the  input  and  hidden  vectors
respectively;  denotes  the  transfer  function  of  the
hidden  layer,  which  always  goes  with  logsig,  tansig  and
the  purelin  function  (Lawrence, 1993).  Logsig  function
was adopted in this paper.

2)  According  to H, W2,  and B2,  mapping  the
information  flow  between  the  hidden  layer  and  output
layer is expressed as
 

Y = ϕ(W2X+B2), (11)

ϕ()where Y denotes  output  vector;  denotes  the  transfer
function  of  the  output  layer,  and  a  linear  function  was
applied in our experimental setup.

Ȳ3) We define the term  as the expected value, and then
the modeling error reads as
 

E(error) = sum(Y− Ȳ)2. (12)

4)  The  gradient  descent  method  for  finding  optimal
weights and thresholds to minimize the modeling error is
presented as follows:
 

σu = κ
∂E
∂W1
, σv = κ

∂E
∂W2

σb = κ
∂E
∂B1
, σd = κ

∂E
∂B2

, (13)

κwhere  is  the  learning rate,  representing the  step  length
of the process involved in approximation for the optimal
value.

5)  Steps  1)−4)  are  executed  cyclically  until  the
modeling  error  reaches  the  setting  threshold  or  the
iteration number reaches the setting value. The inputs are
the  six  parameters  (l, em, JRC, J, emin, eh)  from  the
database  of 4200 fluid  flow  cases.  The  functional
relationship  between  each  parameter  and  the eh is  fitted.
The BP-NN-based equation can be obtained as follows:
 

eh =W2×lg sig(W1×X+B1)+B2, (14)

where sig(x) = 1/(1 + exp(−x)); W1, W2, B1, and B2 are all
coefficients  in  matrix  form,  and X is  a  matrix  related  to
the five parameters, as follows:
 

 

 
Fig. 7    Variations in Q for em = 12 mm with varying l from 100 mm to 400 mm. (a) l = 100 mm; (b) l = 200 mm; (c) l = 300 mm;
(d) l =400 mm.
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X =
(

l em JRC J emin
)
, (15)

 

W1 =


1.12 0.34 0.11 −7.87 0.67
4.01 0.44 0.05 −3.9 0.79
−0.1 −0.34 0.05 4.1 0.93
0.66 0.3 0.09 −22 0.48
−0.09 0.05 0.02 2.39 0.81

 , (16)

 

W2 =
(
−6.84 1.68 −1.53 14.45 4.54

)
, (17)

 

B1 =
(
−9.98 −7.94 3.48 −24.76 4.02

)T
, (18)

 

B2 = −3.85. (19)

The  predictive  models  of eh deduced  in  previous
literature  are  presented  in Table 3. Barton et al. (1985)
and Scesi and Gattinoni (2007) presented  the  prediction
models  of eh by  considering  the  effects  of em and JRC.
Rasouli and Hosseinian (2011) presented the models of eh
by  considering  the  effects  of em, emin,  and JRC.  The
models  employed  in  their  research  are  all  2D  rough
fractures  based  on  the  Barton  standard  curves,  and  the

fluid  flow  in  their  models  is  assumed  to  be
incompressible,  laminar,  isothermal  and  in  the  steady-
state  regime  of  a  viscous  Newtonian  fluid,  which  is  the
same condition with this study. Therefore, the parameters
used in the numerical simulation calculation of this study
can be substituted into the previous prediction models for
calculation.  The  results  of  the  predicted  model  in  the
present study and the results of numerical simulation are
presented  in Fig. 15.  The eh calculated  by  the  prediction
model  proposed  by Barton et al. (1985) is  generally
smaller  than  that  of  numerical  simulation,  in  which  the
correlation  coefficient R2 between  results  calculated  by
Barton’s  model  and  simulated  values  is  0.35.  This  is
because the units  of em in  their  study is  microns and the
fluid  flow  behaviors  are  governed  to  a  large  extent  by
surface characteristics such as JRC.  The eh calculated by
the  prediction  model  proposed  by Scesi and Gattinoni
(2007) are  generally  distributed  on  the  both  sides  of  the
numerical  simulation  results  of eh,  but  the R2 between
results  calculated by Scesi᾽s  model  and simulated values
is less than 0.28, and the fitting degree is not as good as it
between  the  results  of  the  prediction  model  proposed  in
this study and the simulation results. Considerable errors
arise from both the consideration of only two parameters

 

 
Fig. 8    Variations in Q for em = 16 mm with varying l from 100 mm to 400 mm. (a) l = 100 mm; (b) l = 200 mm; (c) l = 300 mm;
(d) l =400 mm.
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(em and JRC) and a small number of models used in their
investigations. The eh calculated by the prediction model
proposed  by Rasouli and Hosseinian (2011) is  generally
larger  than  that  of  the  numerical  simulation,  and R2

between  results  calculated  by  Rasouli᾽s  model  and
simulated values  is  0.02.  The reason for  the  error  is  that
the  prediction  equation  considers  only  geometric
parameters to characterize eh, ignoring the influence of J.
The R2 between  the  predicted  results  by  the  prediction
model  in  this  study  and  the  numerical  simulation  results
is  0.84.  Taken  together,  these  results  suggest  that
compared  with  the  other  predictive  methods,  the eh
predicted  by  the  proposed  model  agrees  better  with  the
simulation  values,  which  correspondingly  verifies  the
validity of the predictive models of eh. Two main reasons
account  for  the  accuracy  of  the  predictive  models
reported in this study. First, the five parameters (em, emin,
l, JRC,  and J)  can  essentially  determine  the  geometric
characteristics  and  hydraulic  characteristics  of  a  fracture
(Zimmerman and Bodvarsson, 1996). Second, BP-NN, as
a  comprehensive  approach  to  addressing  both  regression
and  classification  problems  and  has  numerous
applications  in  many  scientific  fields  (Schmidhuber,
2015; Wu et al., 2021),  is  suitable  to  solve  the  high-

dimension relationship between eh.
To verify the applicability of the model proposed in this

study,  we  take  the  model  data  of  Sun  et al.  (2020)  into
calculation,  and  substituted  the  same  parameters  as  their
numerical  model  into  the  models  proposed by this  study
and previous studies for calculation. The emin ranges from
0.15 mm to 1.13 mm. The detailed parameter settings are
listed in Table 4, where eh1 denotes the calculation results
of eh in  Sun’s  study, eh2 denotes  the eh predicted  by  the
empirical  model  proposed in this  study,  and eh3, eh4,  and
eh5 correspond to the eh predicted by the models proposed
by Barton et al. (1985), Scesi and Gattinoni (2007),  and
Rasouli and Hosseinian (2011),  respectively.  Finally,  we
compared  all  of  the  predicted  results  with  Sun’s
calculated  results  and  found  that  the  empirical  model
proposed by our study still has a good accuracy (see Fig.
16).  This  indicates  that  the  empirical  model  proposed  in
the  present  study  is  reliable  for  apertures  with  varying
values.

 

4    Conclusions

In this study, the Navier–Stokes equations were solved to

 

 
Fig. 9    Variations in Q for em = 20 mm with varying l from 100 mm to 400 mm. (a) l = 100 mm; (b) l = 200 mm; (c) l = 300 mm;
(d) l =400 mm.
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characterize  fluid  flow  in  600  rough  rock  models
generated  by  successive  random  additions  (SRA)
algorithm. Based on the FLUENT numerical  simulations
and  the  artificial  neural  network  (ANN)  algorithm,  a
training  database  containing 4200 fluid  flow  cases  was
established. Average mechanical aperture (em), minimum
mechanical  aperture  (emin),  joint  roughness  coefficient
(JRC), fracture length (l) and hydraulic gradient (J) were
adopted  to  train  the  empirical  prediction  model  of  the
hydraulic aperture (eh). The distribution of the streamlines
and the evolution of flow rate (Q) were investigated.

When em is relatively small (i.e., 4 mm and 8 mm), the
increment  of l could  increase  the  range  of  the  linear
regime  of  fluid  flow.  The  hydraulic  characteristics  of
fractures  with  relatively  small em are  significantly
influenced  by emin and JRC.  When em is  relatively  large
(i.e.,  12 mm, 16 mm, and 20 mm),  the fluid flow shows
obvious  nonlinearity,  and  the  effect  of  the emin and  the
JRC on  the Q/J−J relationships  is  not  obvious.  When
em =  20  mm,  the  corresponding  ranges  of JRC and emin
are  0−11.26  and  16−20  mm  respectively,  the Q/J−Q
curves in this range are almost coincident. This is because

 

 
Fig. 10    Streamline  distributions  for l =  200  mm and em =  4  mm.  (a) JRC =  5.42  and J =  5×10−7;  (b) JRC =  5.42  and J =  0.5;
(c) JRC = 8.13 and J = 5×10−7; (d) JRC = 8.13 and J = 0.5; (e) JRC = 10.74 and J = 5×10−7; (f) JRC = 10.74 and J = 0.5.
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when em is sufficiently small, the flow rate is significantly
influenced  by  the  viscous  force,  which  is  predominantly
controlled  by emin and JRC.  When em is  relatively  large,
the  inertial  force  is  much  larger  than  the  viscous  force,
em, l, and J play the leading role in the evolution of Q/J in
these  cases.  The  nonlinearly  decreasing  relationship
between eh and J follows  logarithm  functions,  and eh is
close  to emin at  a  sufficiently  small J,  but eh decreases
downwards at relatively large J, i.e., when J = 10−6, emin

and eh are  19.15  mm  and  16.95  mm,  respectively,  and
when J = 10−4, eh is 9.73 mm, which is exactly twice as
small as emin. This is because when J is sufficiently small,
the  inertial  force  is  far  smaller  than  the  viscous  force  in
the entire flow field and the determination of flow path is
significantly  influenced  by emin.  Increment  of J would
give  rise  to  the  number  and  volume  of  eddies  and
backflows,  narrow  down  the  effective  flow  paths,  en-
hance the nonlinearity of fluid flow, and then consequently

 

 
Fig. 11    Velocity distributions for l = 200 mm and em = 4 mm. (a) JRC = 5.42 and J = 5×10−7; (b) JRC = 5.42 and J = 0.5; (c) JRC =
8.13 and J = 5×10−7; (d) JRC = 8.13 and J = 0.5; (e) JRC = 10.74 and J = 5×10−7; (f) JRC = 10.74 and J = 0.5.
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Fig. 12    Variations in hydraulic aperture for fluid flow with em/l = 0.01−0.2 and −∆P= 10−3 Pa−103 Pa. (a) −∆P= 10−3 Pa; (b) −∆P=
10−2 Pa; (c) −∆P= 10−1 Pa; (d) −∆P= 100 Pa; (e) −∆P= 101 Pa; (f) −∆P= 102 Pa; (g) −∆P= 103 Pa.
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lead to the decrease of eh.
An empirical model for predicting the eh of rough rock

fractures  was  proposed  by  considering  the  effects  of em,
emin, JRC, l,  and J.  Five  parameters  (em, emin, JRC, l, J)
are  adopted to  characterized the hydraulic  characteristics

 

 
Fig. 13    Variations in hydraulic aperture with l = 100−400 mm. (a) l = 100 mm; (b) l = 200 mm; (c) l = 300 mm; (d) l = 400 mm.

 

 
Fig. 14    Structure of the BP-NN.

 

Table 3    Expressions of hydraulic aperture used in Fig. 15
Authors and year Expression

Barton et al. (1985) eh = e2
m JRC−2.5

Scesi and Gattinoni (2007) eh = e2/3
m

[
1+8.8

(
0.5− em/2JRC2.5

)]−1/2

Rasouli and Hosseinian (2011)

 eh = em[1−2.25(σb/em)]1/3

eh = em
(
1−0.03e−0.565

min

)JRC/3

 

 
Fig. 15    Comparison  of  predicted  hydraulic  aperture  using  the
proposed expression in this study and those in previous works.
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and eh.  The  equation  was  compared  with  three  existing
empirical  equations  using  the  parameters  from  the
database  in  this  study,  showing  that  the  proposed
equation has better and robust predictive performance.

The  predictive  model  reported  in  this  study  could  be
easily  extended  for  more  complex  cases,  such  as  3D
rough  fractures  and  fracture  networks,  and  can  even  be
extended  to  handle  many  engineering  geology  problems
related to hydraulic attributes of the fractured rock. Noted
that the fractures utilized in this study are simple lines cut

from 3D models, the hydraulic properties of which might
be different from those of natural cases. We will focus on
3D rough fractures in future works.
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