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Abstract
Fracture surface morphology, mechanical and hydraulic properties are related to fracture size. One of the core issues in the 
size effect is the representative elementary surface, which determines the size of the test specimens in the laboratory and 
facilitates the application of test results to the field. In this study, the size effect on surface morphology and permeability of 
rock fractures is investigated, and the representative elementary surface size for the surface morphology and the permeability 
was determined based on the asperity height data of fracture surfaces obtained by 3D laser scanning in the field. The rough-
ness of fracture surfaces varies significantly at small fracture surface sizes. As the fracture surface size continues to increase, 
the fracture surface roughness tended toward a relatively stable state. The critical size for fracture surface roughness stability 
in the study, which is called the representative elementary surface, is 300–400 mm. The size effect on the permeability of 
rock fractures was investigated, and the results show that fracture permeability tended toward a relatively stable state with 
increasing fracture size, which was the same as the fracture surface roughness. The representative elementary surface size 
for fracture permeability is less than 100 mm in the study, which is also less than that for fracture surface roughness with 
the same coefficient of variation. This result indicated that a lower coefficient of variation might provide the best estimate 
of the representative elementary surface for fracture permeability compared with the fracture surface roughness.

Keywords  Surface roughness · Rock fracture · Permeability · Size effect · Representative elementary surface · Coefficient 
of variation

Introduction

The sizes of natural fractures range from micrometers to sev-
eral hundred kilometers (Berkowitz 2002; Lei et al. 2015), 
and the surface morphology, mechanical and hydraulic prop-
erties of fractures exhibit a strong correlation with the size 
of fractures (Dou et al. 2019; Feng et al. 2022; Giwelli et al. 
2009; Liu et al. 2017; Tsang and Witherspoon 1983; Wei 
et al. 2021; Yang et al. 2001; Zou et al. 2015). One of the 
core issues in the size effect of geometric and physical prop-
erties of fracture surface is the representative elementary 
surface (RES), beyond which the geometric and physical 
properties of the fracture surface reach a relatively stable 

state (Esmaieli et al. 2010; Wang et al. 2018a, b). Accurately 
obtaining the RES size will help in determining the size of 
test specimens in the laboratory and facilitate the applica-
tion of test results to the field to solve oil/gas production 
and storage (Chen et al. 2019; Singh and Cai 2018; Wang 
et al. 2018a), geothermal energy extraction (Pandey et al. 
2018), grouting activities (Wu et al. 2019; Zou et al. 2020) 
and other problems.

The strength, deformation and permeability properties of 
rock fractures depend on the fracture surface morphology 
(Giwelli et al. 2009; Lin et al. 2019; Luo et al. 2016; Vogler 
et al. 2018). There are many quantitative characterizations 
of fracture surface morphology, including the joint rough-
ness coefficient (JRC) curve (Alameda-Hernández et al. 
2014; Barton 1973; Tatone and Grasselli 2010; Zhang et al. 
2014), statistical parameters of asperity height (Kulatilake 
et al. 2006; Thomas 1981; Wang et al. 2020; Zhao et al. 
2018) and fractal parameter (Babanouri et al. 2013; Brown 
and Scholz 1985; Liu et al. 2020; Odling 1994). The size 
effect on fracture surface morphology was investigated by 
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many experts and scholars (Li et al. 2020b; Özvan et al. 
2014; Yang et al. 2001). Nigon et al. (2017) analyzed the 
multiscale characterization of fracture surface roughness 
and found that the standard deviation of asperity height and 
characteristic length of fracture surfaces decreased with size. 
Chen et al. (2015a) used the sill value and variable range of 
a variogram to describe the fracture surface roughness JRCv 
and obtained JRCv for different sizes of fracture surfaces. 
Their results showed that JRCv decreased with fracture sur-
face size. Yan et al. (2020) proposed a new parameter AHD 
(the average equivalent height difference) to characterize 
the fracture surface roughness, and the relation between 
AHD and fracture surface size was the same as that between 
JRCv and size proposed by Chen et al. (2015a). The above 
research on the size effect of fracture surface roughness and 
hydraulic behavior shows that the fracture surface morphol-
ogy changes with the fracture size. However, as the fracture 
size continues to increase, the fracture surface morphology 
tends toward a relatively stable state, as has been found by 
some experts and scholars. Fardin et al. (2001) analyzed 
the size effect on fracture surface roughness by the relation 
between fractal dimension D and fracture surface size. The 
parameter D first decreased and then tended to be constant 
with the fracture surface size. Chen et al. (2015a) found that 
the JRCv value remained constant when the size was larger 
than a threshold value. However, the threshold value, i.e. 
the RES size for fracture surface roughness or morphology, 
was not given, and the method of determining the RES size 
is not clear.

The mechanical and hydraulic behaviors of fractures also 
exhibit a strong correlation with the size (Dou et al. 2019; 
Liu et al. 2017; Tsang and Witherspoon 1983; Zou et al. 
2015). Raven and Gale (1985) conducted tests on fluid flow 
in a natural fracture under normal loading conditions. The 
flow rate decreased with the fracture size and the devia-
tion from cubic increased with the fracture size. Qian et al. 
(2007) studied the hydraulic conductivity of a single frac-
ture with different fracture sizes, surface roughness, aper-
tures and hydraulic gradients. Their results showed that the 

hydraulic conductivity increased linearly with the fracture 
size. Giwelli et al. (2009) investigated the effect of fracture 
size on closure behavior under normal stresses of 10 MPa. 
Their results showed that the standard deviation of the aper-
ture increased with the fracture size and did not reach a con-
stant value. Huang et al. (2018) simulated the fluid flow 
in fractures with different sizes, and the simulation results 
showed that the permeability changed significantly first and 
then tends to become stable with increasing the size of the 
fracture model. These studies indicate that the fracture sur-
face roughness and hydraulic behavior remain constant when 
the fracture size exceeds a critical size. The above studies 
show that a RES for the mechanical or hydraulic behaviors 
of fractures exists. However, the relations between RES for 
fracture surface morphology and mechanical or hydraulic 
behaviors are not clear.

The size effect on the surface morphology and perme-
abilities of rock natural fractures was investigated in this 
study. The 3D laser scanning process performed on frac-
ture surfaces in the field and the method of data processing 
are introduced. Then, the size effect on the natural fracture 
surface morphology was analyzed. The size effect on frac-
ture surface morphology was emphasized, and the RES 
for fracture surface morphology was obtained. Finally, the 
numerical simulation of fluid flow in fractures was carried 
out based on the facture model established by scanned frac-
ture surface data. The size effect on the permeability was 
analyzed, and the results were compared with the size effect 
on the fracture surface roughness.

Data acquisition

3D laser scanning of a natural fracture surface

The scanned natural fracture surfaces were selected from 
Gongchangling District, Liaoyang City, Liaoning Prov-
ince, China. The scanned fracture surfaces are located in 
three areas, numbered A, B and C, as shown in Fig. 1. The 

Fig. 1   Natural fracture surface 
selected for this study

(a)A (b) B & C
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lithology of the three areas is quartz sandstone. The scanned 
fracture surface is located on the surface and is a secondary 
fracture surface formed by weathering. The rock weathering 
in area A is more serious than that in the other two areas. To 
be noted, B and C are adjacent, and A is tens of kilometers 
from the other two areas.

The scene and method of laser scanning in the field are 
shown in Fig. 2. The three-dimensional topography of the 
selected fracture surface was scanned by an Artec Space 
Spider 3D scanner. The scanned fracture surface is zoned in 
the field to better scan with required size, and the number 
of fracture surface in Fig. 2 is A2–7. Limited by the field 
conditions and computer memory, the size of the scanned 
fracture surface was approximately 300 × 300 mm. The 
3D point cloud images of fracture surfaces were obtained 
after calibration and denoising. Then the topography point 
cloud image of the fracture surface was reconstructed by 
the interpolation function in MATLAB. These processes are 
shown in Fig. 3. In Fig. 3, from left to right, there are photo 
of natural fracture surface, scan results, cloud image after 

calibration and denoising and reconstructed cloud image in 
MATLAB.

A total of 104 fracture surfaces with a size of 
300 × 300 mm was scanned, including 43 fracture surfaces 
in area A, 12 fracture surfaces in area B and 49 fracture sur-
faces in area C. The number of point clouds on each fracture 
surface after calibration and denoising was approximately  
150000–220000, and the mean sampling interval was  
estimated to be approximately 0.64–0.77 mm. Because of 
the complexity of the fracture surfaces and the application 
of multi-view scanning automatic splicing technology, the 
point cloud of the splicing positions is denser than that of 
other positions. The sampling intervals of the 3D point cloud 
images of the fracture surface after calibration and denois-
ing are not uniform, which is not conducive to subsequent 
research. It is necessary to use an interpolation function to 
reconstruct the topography point cloud image of the fracture 
surface in MATLAB to obtain equidistant point cloud data. 
The optimal sampling interval in MATLAB is determined 
as follows.

Fig. 2   Scene and method of laser scanning in the field

Fig. 3   Data acquisition process of fracture surface



	 Bulletin of Engineering Geology and the Environment (2023) 82:159

1 3

159  Page 4 of 15

Determination of the sampling interval 
of the fracture surface

The root mean square of the first derivative of the asperity Z2 
is used to characterize the roughness of the two-dimensional 
fracture surface, which is expressed as follows (Li et al. 2020a; 
Li and Zhang 2015; Liu et al. 2016; Wang et al. 2016):

where, zi is the asperity height at point i, n is the number 
of point clouds, Δx is the distance in the axial direction 
between points i + 1 and i. The distance is the sampling 
interval, and it is constant in this study. The scanned frac-
ture surfaces are in the 3D domain; thus, Z2 can be extended 
to 3D form as Z2s, which is expressed as (Belem et al. 2000; 
Zhao et al. 2020):

where, nx and ny are the number of point clouds along the 
x-axis and y-axis, respectively. Δy is the sampling interval 
along the y-axis, which is equal to Δx in this study. Z2s is 
used to characterize the fracture surface when determining 
the sampling interval. To facilitate comparison with the 
results of permeability characteristics, Z2 is used to char-
acterize the fracture surface roughness when the size effect 
and anisotropy of roughness are investigated.

Ten fracture surfaces were randomly selected among the 
104 scanned fracture surfaces, whose numbers are A1-6, 
A2-8, A3-4, A5-9, B7-2, B7-10, C1-7, C3-1, C5-3 and C6-6. 
The three-dimensional roughness Z2s of the ten fracture sur-
faces were obtained with different sampling intervals and 
were shown in Fig. 4. The roughness Z2s decreases with the 
sampling interval. When the sampling interval is more than 
0.9 mm, the fracture surface roughness Z2s tends to become 
stable (Rong et al. 2013; Sutopo et al. 2002). The attenuation 
rate mentioned in Song et al. (2017) was used to determine the 
optimal sampling interval. The attenuation rate of the fracture 
surface roughness was calculated according to Eq. (3).

where, ΔSP is the attenuation rate of a statistical param-
eter, and the parameter in the study is the fracture surface 
roughness. SPi is the statistical parameter value of the ith 
sampling interval. SPc is the statistical parameter value at 
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critical sampling intervals, which is the value at the mini-
mum sampling interval generally. Based on the mean sam-
pling interval of field scanning, i.e. 0.64–0.77 mm, the criti-
cal sampling intervals need larger than the mean sampling 
interval and were determined as 0.8 mm in the study. The 
attenuation rate of fracture surface roughness was obtained, 
as shown in Fig. 5.

The relation between sampling intervals and roughness 
attenuation rate of 10 randomly selected fracture surfaces 
is shown in Fig. 5. The attenuation rate increases with sam-
pling intervals. When the sampling interval is between 0.8 
and 1.0 mm, the attenuation rate is less than 10%, which is a 

Fig. 4   Relation between sampling intervals and three-dimensional 
roughness Z2s of 10 randomly selected fracture surfaces

Fig. 5   Relation between sampling intervals and roughness attenuation 
rate of 10 randomly selected fracture surface
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reasonable sampling interval (Song et al. 2017). Consider-
ing the above results and calculation efficiency, the optimal 
sampling interval is 1 mm in the study.

Large‑scale fracture surface morphology data

The adjacent fracture surfaces were selected and spliced into 
two fracture surfaces with the size of 900 × 900 mm, which 
are numbered A2 and C3, respectively. Reconstructed topog-
raphy point cloud images of the two fracture surfaces were 
shown in Fig. 6.

Characterization of fracture surface 
morphology

Distribution of asperity height

The parameters of fracture surface morphology include the 
asperity height (Chen et al. 2015b; Song et al. 2020), rough-
ness Z2 and Z2s. The spatial and statistical distributions of 
asperity height of three fracture surfaces are shown in Fig. 7. 
The results of height distribution parameters and roughness 
of fracture surface are shown in Table 1.

Figure 7 shows that the spatial distribution of asperity 
height is uneven, and the statistical results show that they 
follow the normal distribution. The range of asperity height 
is − 24.67 to 28.45 mm on fracture surface A2 and − 14.96 
to 12.42 mm on fracture surface C3. The asperity standard 
deviation of the two fracture surfaces is 3.953 and 2.742 mm, 
respectively. The height standard deviation of the C3 frac-
ture surface is smaller than that of A2. The roughness Z2s of 
fracture surface A2 and C3 are 0.386 and 0.237, respectively. 
The fracture surface A2 is rougher than fracture surface C3 
due to more serious rock weathering. The order of two frac-
ture surface roughness is consistent with the height standard 

deviation. It indicates that the fracture surface roughness is 
positively correlated with height standard deviation.

Anisotropy of fracture surface roughness

The topography of the natural rock fracture surface is 
complex, and the roughness along different directions is 
different, i.e. the roughness of fracture surfaces has direc-
tionality. The roughness Z2 in different directions (Chen 
et al. 2016; Song et al. 2017) was calculated according to 
Eq. (1), as shown in Fig. 8. The direction interval is 10°, 
and the roughness of each fracture surface was calculated 
in 36 directions.

Figure 8 shows that the roughness in different directions 
on the same fracture surface is different. A dimensionless 
parameter, discontinuity anisotropic coefficient (DAC), is 
selected to quantitatively describe the anisotropy of fracture 
surface roughness. it is expressed as (Song et al. 2017):

where, CVZ2 is the variation coefficient (Baghbanan and 
Jing 2007; Fakhimi and Gharahbagh 2011) of roughness Z2 
in 36 directions. The range of DAC values is [0, 1). When 
DAC = 0, the roughness of the fracture surface is isotropic. 
When 0 < DAC < 1, the roughness of the fracture surface 
is anisotropic. The larger the DAC value is, the more ani-
sotropic the fracture surface is. The DAC values of three 
fracture surfaces were obtained according to Eq. (4) and 
are shown in Table 1. The DAC values of the two fracture 
surfaces are 0.042 and 0.027, respectively. The degree of 
anisotropy is ranked as follows: C3 < A2, which is the same 
as the height standard deviation. It indicates that the anisot-
ropy of a fracture surface is positively correlated with its 
height standard deviation.

(4)DAC = 1 −
1

eCVZ2

(a) (b)

Fig. 6   Reconstructed topography point cloud image of the fracture surface (a) A2 and (b) C3 (Unit: mm)
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Size effect on fracture surface roughness

Size effect on the asperity height distribution

To obtain the distributions of asperity height with dif-
ferent fracture surface sizes, the “base” fracture surface 
was discretized into sampling fracture surfaces of vari-
ous sizes in rectangular coordinate systems, as shown in 
Fig. 9 (Baghbanan and Jing 2007; Wang et al. 2018a, b). 
The “base” and sampling fracture surface are all squares. 
The size of the fracture surface is represented by the side 
length for convenience in the following study. The size of 

the “base” fracture surface is 900 mm, and the sizes of the 
sampling fracture surfaces range from 100 to 800 mm with 
an interval of 100 mm. Ten sampling fracture surfaces of 
each size are obtained at different positions to eliminate 
the contingency. The statistical asperity height distribu-
tions for each sampling fracture surface were obtained, as 
shown in Fig. 10. Figure 10 shows the results of fracture 
surface C3.

When the size of the fracture surface is small, the distri-
butions of asperity height do not completely follow a normal 
distribution. With the increase of fracture surface size, the 
distribution law tends to be consistent. When the size of 
the fracture surface L ≤ 300 mm, the distributions of asper-
ity height in different positions and with different fracture 
surface sizes are different. When 300 mm < L < 600 mm, the 
distributions of asperity height in different positions with 
the same fracture surface sizes are consistent, but with dif-
ferent fracture surface sizes, they are different. When the 
size of the fracture surface L ≥ 600 mm, the distributions of 
asperity height in different positions and with different frac-
ture surface sizes are different. The asperity height fitting 
parameters with different sampling fracture surfaces were 
obtained to investigate a method for determining the above 

Fig. 7   Spatial and statistical 
distribution of asperity height 
on (a) A2 and (b) C3 fracture 
surface

(a)

(b)

Table 1   Statistics of fracture surface parameters

No Asperity height Roughness 
Z2s

Anisotropic parameter

Mean/mm Standard 
deviation/
mm

Coefficient 
of variation 
CVZ2

Discontinuity 
anisotropic 
coefficient 
DAC

A2  − 0.634 3.953 0.386 0.043 0.042
C3  − 0.953 2.742 0.237 0.028 0.027
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critical sizes, i.e. 300 and 600 mm. The relation between the 
standard deviation of asperity height and fracture surface 
sizes is shown in Fig. 11. In Fig. 11, the S1–S10 represent 10 
different positions, the marks with different shapes represent 
the standard deviation results at different positions, the solid 
line represents the mean value of the standard deviation at 
the 10 positions and the dotted line represents the variation 
coefficient of that. The standard deviation of asperity height 
varies significantly at small fracture surface sizes. As the 
fracture surface size increases, the variation in the standard 
deviation gradually decreases to approximately 2.74 mm, 
which is the standard deviation of the asperity height of 
“base” fracture surface.

When the fracture surface size L ≤ 300 mm, the variation 
coefficient of the standard deviation CVσ > 15%. When the 
fracture surface size L ≥ 600 mm, the variation coefficient 
of the standard deviation CVσ < 5%. The critical sizes can be 
determined by the coefficient of variation (CV). In general, 
the variability of a parameter is weak, and a relatively stable 
state occurs when CV ≤ 15% (Baghbanan and Jing 2007; 
Koyama and Jing 2007; Liang et al. 2019). When the size 

of the fracture surface is larger than 400 mm, the asperity 
height distribution parameters of the fracture surface are in a 
relatively stable state. The critical size is 400 mm for stable 
asperity height distribution, i.e. the RES size for the asper-
ity height distribution is approximately 400 mm (Esmaieli 
et al. 2010; Wang et al. 2018a, b). If the sampling interval 
is smaller than 100 mm, a more accurate RES size will be 
obtained. For fracture surface A2, the results are similar to 
those for fracture surface C3, as shown in Table 2.

Table 2 Sizes of the fracture surfaces with different vari-
ation coefficients of standard deviation for fracture surfaces 
A2 and C3.

Size effect on fracture surface roughness

To analyze the size effect on fracture surface roughness, 
the sampling fracture surface roughness along the x-axis 
and y-axis were calculated. The acquisition method of the 
sampling fracture surface is shown in Fig. 9. Z2 is calcu-
lated according to a fracture profile on the fracture surface. 
The mean value Z2 of all fracture profiles along a certain 

Fig. 8   Roughness Z2 of fracture 
surface (a) A2 and (b) C3 in 
different directions

(a) (b)

Fig. 9   Method of obtaining the 
sampling fracture surface with 
different sizes from the “base” 
fracture surface
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direction of the fracture surface is the roughness in that 
direction, as shown in Fig. 12. The calculation equation of 
roughness is shown in Eq. (5).

where, Z2,i is the root mean square of the first derivative of 
asperity height in the ith fracture profile.

(5)Z2 =

n∑

i=1

Z2,i

The roughness of the sampling fracture surfaces along the 
x-axis and y-axis were obtained, as shown in Fig. 13. The 
ranges of roughness on fracture surfaces A2 and C3 with dif-
ferent sizes is 0.126–0.307 and 0.137–0.353 along the x-axis 
and 0.091–0.324 and 0.082–0.234 along the y-axis, respec-
tively. The roughness of fracture surfaces varies significantly 
at small fracture surface sizes. As the fracture surface size con-
tinues to increases, fracture surface roughness tends to move 
to a relatively stable state. The roughness variation coefficient 

Fig. 10   Statistical distributions of asperity height with different fracture surface sizes on fracture surface C3
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of 15% and difference between the sampling size and the next 
sampling size of 5% are taken as the criterion for the roughness 
to enter a stable state (Baghbanan and Jing 2007; Koyama and 
Jing 2007; Liang et al. 2019). The RES sizes of roughness are 
300, 400, 300 and 300 mm, respectively. The roughness RES 
size of fracture surface A2 is slightly larger than that of frac-
ture surface C3. The equivalent fracture surface roughnesses, 
which are the fracture surface roughnesses under the stable 
state, are 0.243, 0.267, 0.178 and 0.153, respectively.

Size effect on the anisotropy of the fracture surface 
roughness

The roughness Z2 of sampling fracture surfaces in differ-
ent directions was obtained to analyze the size effect on the 
anisotropy of the fracture surface roughness. The DAC of 
the sampling fracture surfaces was obtained, as shown in 
Fig. 14. The solid and dotted line represent mean value and 
variation coefficient of DAC in Fig. 14. The DAC varies 
with the fracture surface sizes. The variation coefficient of 
DAC first decreased and then increased slowly with the frac-
ture surface size. When the fracture surface size L is larger 
than 300 mm, the variation coefficient of DAC is less than 
30% and even less than 15% in some fracture surface sizes, 

which indicates that the RES size for the anisotropy of the 
fracture surface roughness may be 300–400 mm.

Size effect on fracture permeability

Governing equation

The fluid flow in fractures is generally governed by nonlin-
ear Navier–Stokes equations. However, it is difficult to solve 
fluid flow in natural rough fractures with complex geometry. 
For the fluid flow in a fracture with a pair of smooth parallel 
surfaces, the Navier–Stokes equations can be simplified to 
the cubic law, which is expressed as (Huang et al. 2018; Liu 
et al. 2021; Witherspoon et al. 1980):

where Q is flow rate, e is hydraulic aperture, μ is dynamic 
viscosity coefficient, P is fluid pressure in fracture. A natu-
ral fracture consists of two rough fracture surfaces, where 
the cubic law is over-simplified. When flow velocity is low 
and the fracture surface does not vary too abruptly, the local 
cubic law, which is also called Reynolds equation, can be 
used to describe the flow in fractures. The Reynolds equa-
tion is shown in Eq. (7) (Brown 1987; Huang et al. 2017) 
and is used to analyze the fluid flow in rough fractures. 
The permeability k of a rough fracture can be calculated by 
Eq. (8) (Huang et al. 2018).

(6)Q = −
e3

12�
∇P

(7)∇
(
e3∇P

)
= 0

(8)Q = A
k

�

ΔP

L

Fig. 11   Relation between the standard deviation of asperity height 
and fracture surface sizes

Table 2   The sizes of fracture surface under different variation coef-
ficient of standard deviation for fracture surface A2 and C3

Variation coefficient of 
standard deviation CVσ

Fracture surface size L/mm

C3 A2

CVσ > 15% L ≤ 300 L ≤ 300
5% < CVσ ≤ 15% 300 < L < 600 300 < L < 600
CVσ ≤ 5% L ≥ 600 L ≥ 600

Fig. 12   Calculation method of fracture surface roughness in a certain 
direction
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where, A is the cross-sectional area, L is the fracture size. It 
is necessary to calculate the permeability of fractures with 
different sizes to investigate the size effect on fracture per-
meability. The pressure gradient should be consistent when 
calculating the permeability of fractures with different sizes.

Fracture models and boundary conditions

The fracture model was obtained by translating the scanned 
fracture surface to a certain distance using the FEM soft-
ware COMSOL Multiphysics, as shown in Fig. 15. The 
rough fracture model in Fig. 15 was obtained by translating 
fracture surface C3 1 mm along the z-axis, and its size was 
900 × 900 × 1 mm. To be noted, the fracture size is repre-
sented by the side length of the fracture surface.

(a) (b)

(c) (d)

Fig. 13   Relation between roughness and fracture surface sizes on fracture surfaces A2 and C3 along the x-axis and y-axis

Fig. 14   Discontinuity anisotropic coefficient with different sizes on 
fracture surface C3
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The size of the “base” fracture model was 900 mm. 
The sampling fracture models with different sizes were 
obtained in the same way as the sampling fracture sur-
face, which is shown in Fig. 9. The permeability in two 
directions needs to be obtained and two different boundary 
conditions were considered: unidirectional flow along the 
x-axis and y-axis. For all sampling fracture models with 
different sizes, a constant pressure gradient was main-
tained between the inlet and outlet boundaries, and other 
boundaries were fixed with impervious conditions (Huang 
et al. 2018; Wang et al. 2018b).

Size effect on the permeability

The flow rate at the outlet can be easily obtained by numer-
ical simulation, and the permeability can be calculated 
according to Eq. (8). The results are shown in Fig. 16.

The permeability along the x-axis and y-axis with different 
model sizes is shown in Fig. 16. The permeability of the fracture 
varies significantly at small fracture sizes. As the fracture size  
increases, the permeability tends toward a relatively stable  
state. The results are the same as those of the fracture surface  
roughness. As the result of the roughness size effect, the 

Fig. 15   Rough fracture model 
obtained by translating fracture 
surface C3 1 mm along the 
z-axis

(a) (b)

Fig. 16   Relation between permeability along the (a) x-axis and (b) y-axis and fracture model size



	 Bulletin of Engineering Geology and the Environment (2023) 82:159

1 3

159  Page 12 of 15

variation coefficient of 15% and difference between the sampling 
size and the next sampling size of 5% are used as the criterion 
for permeability to enter the stable state (Baghbanan and Jing 
2007; Koyama and Jing 2007; Liang et al. 2019). The variation 
coefficient of permeability with different sizes is less than 15% 
and even less than 5%. The RES size for permeability is less than 
100 mm considering the criterion of the variation coefficient.. 
According to Young et al. (2020), 10–20% CV criterion has 
generally been used to determine the RES sizes for the fracture 
rock parameter, but a CV of 2.5% or lower may provide the 
best estimate of the RES size for fracture permeability. The 
criterion of the variation coefficient for fracture permeability 
is 2.5% in this study. The RES sizes for permeability along the 
x-axis and y-axis are 300 and 300 mm, respectively. The RES 
sizes for permeability using the 2.5% CV criterion are equal to 
those for roughness using the 15% CV criterion. The equivalent 
permeabilities of the fracture along the x-axis and y-axis are 
7.23 × 10−8 and 7.39 × 10−8 m2, respectively. The relation 
between the permeability of the sampling fracture models and 
the roughness of the corresponding sampling fracture surface is 
shown in Fig. 17.

The fracture permeability decreases linearly with the 
fracture surface roughness according to Fig. 17. There is 
little difference in the relation between fracture perme-
ability and fracture surface roughness with different sizes. 
It can be considered that the reason for the permeability 
difference of different sizes is the roughness difference of 
the fracture surface. A linear function was used to fit the 
relation between fracture permeability and fracture surface 
roughness, as shown in Eq. (9). When the fracture surface 
roughness is equal to zero, i.e. the fracture consists of a pair 

of smooth parallel surfaces with an aperture of 1 mm, the 
fracture permeability is 8.33 × 10−8 m2, which is equal to 
e2/12 (e = 1 mm) (Jing and Stephansson 2007).

where a is the linear fitting parameter, which is equal 
to − 0.4131 in this study.

Discussion

The lithology of the rock wall of the scanned fracture 
surface is quartz sandstone, and the fracture surface is 
flat. Due to weathering, the mineral particles and local 
undulation on the fracture surface are larger than those on 
the fresh fracture surface. The rock weathering in area A 
is more serious than that in area C, and the RES size of 
fracture surface A2 is larger than that of fracture surface 
C3. This indicates that weathering affects the RES size for 
fracture surface morphology. The RES size for fracture 
surfaces with different rock lithologies may be different. 
The RES size for the fractal parameters of the fracture sur-
face is approximately 500 mm (Fardin et al. 2001). The 
lithology of the rock wall is granite. The mineral particles 
are small, and the fracture surface is more uneven than the 
scanned fracture surface in the study. This may be one of 
the reasons why the RES for fractal parameters is larger 
than that for fracture surface morphology in the study. In 
addition, the RES for fracture surface morphology does 
not exist on all fracture surfaces. For example, due to the 
strong roughness anisotropy of the fracture surface with 
plumose structure, the RES size for fracture surface mor-
phology will be large or may not exist.

This study focuses on the size effect of fracture sur-
face morphology and hydraulic behavior. The influence 
of morphology on the effect of fracture permeability was 
also investigated. The strength of fractures also exhibits a 
strong correlation with the size, and the fracture surface 
morphology influences the size effect of fracture strength 
(Özvan et al. 2014; Wei et al. 2022). Lin et al. (2019) and 
Ueng et al. (2010) found that there is a size effect on the 
shear strength of the fracture surface and that the size effect 
is related to the morphology of the fracture surface. Some 
asperities were destroyed during the shear test, and the 
fracture surface after shear was smoother than the initial 
fracture surface. It is speculated that the RES for the shear 
strength of the fracture surface may be smaller than the RES 
for fracture surface morphology.

(9)k =

(
a ⋅ Z2 + 1

)
e2

12

Fig. 17   Relation between the permeability of the sampling fracture 
models and roughness of the corresponding sampling fracture surface
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Conclusion

Based on the asperity height data of a fracture surface 
obtained by 3D laser scanning in the field, the size effect 
on the morphology of the fracture surfaces was analyzed, 
including the size effect on the asperity height distribution, 
roughness and anisotropy of the fracture surfaces. The asper-
ity heights of most fracture surfaces with different sizes fol-
lowed a normal distribution and the asperity height distribu-
tion tended to be consistent with the increase in fracture size. 
The roughness of the fracture surfaces varied significantly 
at small fracture surface sizes. As the fracture surface size 
increase, fracture surface roughness tended toward a rela-
tively stable state. The roughness variation coefficient of 
15% was taken as the criterion for the roughness to enter a 
stable state, and the RES size for the fracture surface rough-
ness was 300–400 mm.

A rough single fracture model was established based on 
the scanned fracture surface data, and the relation between 
fracture permeability and fracture size was analyzed. The 
permeability of the fracture varied significantly at the frac-
ture sizes. As the fracture size increases, the permeability 
tended toward a relatively stable state. These results were the 
same as those of the fracture surface roughness. The perme-
ability variation coefficient of 2.5% provided the best esti-
mate of the RES size for fracture permeability, and the RES 
size for permeability was determined to be approximately 
300 mm. The relation between permeability and roughness 
was analyzed, and the permeability difference at different 
sizes was caused by the different roughnesses of the fracture 
surfaces.

Comparing the size effect on fracture surface roughness 
with that on permeability, the roughness and permeability 
vary with the sizes of fracture and RES sizes for roughness 
and permeability both exist. If the unified CV criterion is 
used to estimate the RES sizes, the RES size for permeabil-
ity is much smaller than that for roughness. Although the 
roughness and permeability vary with size, there are obvious 
differences in the range of variation. The variation range 
of roughness with size is ± 35%, and that of permeability 
is ± 2%. The variation range of permeability is much smaller 
than that of roughness, so the criterion for determining RES 
sizes for permeability needs to be stricter than that for rough-
ness. The reason why the permeability variation range is 
much smaller than that of roughness may be related to the 
accuracy of the grid in the numerical simulation.
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