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List of Symbols
a	� Contact area
aec	� Elastic critical contact area
aepc	� Elastoplastic critical contact area
al	� The largest contact area of asperity
A	� Sample cross-sectional area
Ar	� The total real contact area
K	� Permeability
C	� Water compressibility
Cf	� Fracture compressibility
E	� Young’s moduli
F	� Contact load
Fec	� Elastic critical contact load
Fmax	� Maximum contact load before unloading
Fne	� Contact load for elastic deformation
Fnep	� Contact load for elastoplastic deformation
H	� Hardness of the asperity
K	� Hardness coefficient
L	� Sample length
R	� Radius of asperity
Sd	� Maximum depth of valleys
Sh	� Maximum absolute height
Sm	� Arithmetical mean height
Sp	� Maximum peak height
Vu	� Volume of the upstream chamber
Vd	� Volume of the downstream chamber
Y	� The yield strength of material

α	� The fitting parameter of the pressure decay curve
δ	� Normal displacement
μ	� Fluid viscosity
ν	� Poisson’s ratio
ω	� Deformation of the asperity
ωc	� Critical deformation at the inception of plastic 

deformation
ωmax	� Maximum contact interference before unloading
ωres	� Residual contact interference after complete 

unloading

1  Introduction

Underground excavations usually cause stress unloading of 
the surrounding rock masses. Due to the stress release, these 
engineering activities may lead the rock mass to deform and 
produce macroscopic fractures (Qiu et al. 2014; Zhang et al. 
2016, 2020; Zhao et al. 2019a), which increases the rock 
mass permeability significantly and, finally, triggers engi-
neering problems such as mine water inrush and water loss 
(Li et al. 2019a, b). Therefore, a knowledge of changes in 
the permeability of rock joints that result from the stresses 
unloading around geotechnical engineering projects is cru-
cially important.

The relationships between stress and permeability of frac-
tured rock masses have been extensively studied in the last two 
decades (Zhao et al. 2003, 2017; Chen et al. 2015; Vogler et al. 
2016). It is found that permeability evolution is closely related 
to the effective stress. As the effective stress increases, rock 
permeability decreases exponentially (Zhao et al. 2019b). At 
present, abundant models were proposed to predict the rock 
permeability evolution with stress variation. Shi and Durucan 
(2004) presented a model for describing changes in fracture 
permeability during the drawdown in terms of the prevail-
ing effective horizontal stresses. Liu and Rutqvist (2010) 
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developed a new permeability model with consideration of 
internal swelling stress. Wang et al. (2014) presented an ana-
lytical model of describing anisotropic permeability evolution 
of coal with effective stress variation. Connell (2016) provided 
a simple extension of the exponential model of rock perme-
ability to include the independent effects of pore and confin-
ing pressures and the sorption strain. However, most of these 
permeability models are derived from the elastic deformation 
assumption. This may be suitable for intact rock under low-
stress conditions. However, for fractured rock mass or broken 
rock sample, re-crushing, re-arrangement, and compressional 
deformation of asperity or particles occur in the loading pro-
cess, which leads to a drastic permeability reduction (Zhang 
et al. 2017). Usually, crushing and re-arrangement of asperity 
in rough surfaces are irreversible. During the unloading pro-
cess, only the permeability loss caused by the elastic asper-
ity deformation can be recovered. The plastic deformation, 
such as crushing and re-arrangement of asperity, will cause 
irreversible permeability loss. Abundant experimental stud-
ies have proved that in the unloading process, permeability is 
always less than that obtained during loading under the same 
effective stress. Yang et al. (2018) investigated the anisotropic 
permeability of coal subjected to cyclic loading and unload-
ing and found that irreversible permeability occurred during 
the unloading process. Zhang et al. (2018) conducted a set of 
experiments on fractured coal samples under cyclic loading 
and unloading. The test results showed that permeability loss 
caused by the deformation of fracture surfaces was very dif-
ficult to compensate for in the process of unloading. Jiang et al. 
(2017) found that the AE (acoustic emission) signal appeared 
in the whole unloading process due to the difference between 
the plastic irrecoverable region and the surrounding elastic 
recovery region of the coal sample. According to these experi-
mental studies, the unloading behaviors of rock deformation 
and permeability are substantially different from the behaviors 
under loading conditions. But, to the best knowledge of the 
authors, theoretical models for addressing permeability evolu-
tion under unloading conditions are very limited. Therefore, 
in this paper, the deformation and permeability change of 
rock sample containing a single rough-walled fracture under 
unloading conditions are experimentally investigated. Elas-
toplastic contact of asperity in rough surfaces under unload-
ing conditions is analyzed, which is further implanted into 
the permeability model to predict fractured rock permeability 
evolution under unloading conditions.

2 � Laboratory Experimental Analysis

2.1 � Sample Preparation and Measurement 
of Morphological Parameters

Black limestone blocks used in the experimental works 
were obtained from the Feisanduan limestone formation in 
southwest Hubei Province (China). Three 50-mm-diame-
ter cylindrical cores (namely samples L01, L02, and L03) 
were retrieved from a limestone block. Both ends of the 
cylindrical core were trimmed to obtain a sample of length 
100 mm. Then, a single vertical fracture was generated at 
the center of the samples along the axial sample direction 
following the method of Zhao et al. (2017). Note that the 
samples were covered by a heat-shrinkable sleeve to keep 
the two halves of fractured sample together during fracture 
generation. Figure 1a–c shows the prepared samples with 
a single rough-walled fracture.

A high-resolution noncontact 3D morphology scan-
ner system is utilized to measure the fracture surfaces’ 
topography before and after testing. Data collection was 
automatically completed by the morphology instrument 
with a precision of 0.002 mm in the X, Y, and Z directions. 
The scanned data of the fracture surfaces were digitized, 
as shown in Fig. 1.

Four main statistical parameters: maximum peak height 
(Sp), maximum depth of valleys (Sd), maximum absolute 
height (Sh), and arithmetical mean height (Sm), were 
adopted to quantify the morphology of fracture surface 
(Chen et al. 2010; Singh et al. 2015; Zhao et al. 2017). 
These statistical parameters can effectively describe the 
fracture surface roughness. The larger the values of these 
parameters are, the rougher the fracture surface is. The 
expressions of these parameters are as follows. The maxi-
mum peak height Sp is the height between the reference 
plane and the highest peak:

where Spi (i = 1,2,…, n) is the height between the reference 
plane and the ith peak, and n is the total peak number. The 
maximum depth of valleys Sd is the depth between the deep-
est valley and the reference plane:

where Sdi (i = 1,2,…, n) is the depth between the reference 
plane and the ith valley. The maximum absolute height Sh is 
the height between the highest peak and the deepest valley:

The mean surface roughness can be characterized by the 
arithmetic mean height Sm:

(1)Sp = max
(
Sp1, Sp2,… , Spn

)

(2)Sd = max
(
Sd1, Sd2,… , Sdn

)

(3)Sh = Sp + Sd
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Fig. 1   Prepared samples and 3D 
surface profiles of the fracture 
surfaces, a–c corresponding to 
samples L01, L02, and L03, 
respectively
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where z(x, y) is the asperity height at the location (x, y) and 
A is the area of the fracture surface projected onto the hori-
zontal plane.

2.2 � Experimental Procedure

A fluid flow and triaxial rock mechanics test system, shown 
in Fig. 2, is used for the permeability test. The test system 
includes five main units: triaxial cell, loading unit, deforma-
tion and pressure monitoring unit, water supply unit, and 
computerized data-acquisition unit. The experimental setup 
has the maximum axial loading capacity of 1000 kN, the 
maximum confining pressure of 60 MPa, and the maximum 
pore water pressure of 40 MPa. The pressure pulse decay 
method is used to measure rock permeability. In the perme-
ability tests, the maximum axial and confining stresses were 
set as 20 MPa to simulate the conditions occurring 500 m 

(4)Sm =
1

A ∬A

|z(x, y)|dxdy
below in the earth’s crust. During the test, the sample was 
circumferentially sealed in plastic pipe, placed on the base 
pedestal of the triaxial cell, and connected to the upstream 
and downstream water reservoirs. The confining pressure 
was first loaded to the predetermined value, and then axial 
stress was loaded to 20 MPa at a rate of 1 MPa/min. Then, 
the fractured samples were loaded from confining pressure 
of 6–20 MPa in gradual levels of 2 MPa, at a loading rate of 
0.5 MPa/min. After reaching the maximum stress of 20 MPa, 
confining pressure was unloaded to 6 MPa in gradual levels 
of 2 MPa, at a rate of 0.5 MPa/min. Permeability was meas-
ured during each confining pressure loading and unload-
ing steps. In the permeability tests, water pressure should 
be smaller than the confining pressure to avoid fluid flow 
from the gap between the rock sample and the plastic pipe. 
Therefore, in this paper, the initial water pressure was set as 
2 MPa (Davy et al. 2007; Dong et al. 2010). After applying 
the initial water pressure to the system, a pulse pressure of 
0.2 MPa was applied in the upstream chamber, which made 
the water flow from top to bottom through the fracture. The 

Fig. 2   a Sketch of the triaxial seepage system for rock (P1—axial 
loading unit; P2—confining pressure unit; P3—water pressure unit; 
1—computerized data-acquisition unit; 2—water reservoir; 3—relief 

valve; 4—upstream chamber; 5—downstream chamber; 6—sample; 
and V1–V10—switch); b picture of the testing system
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differential pressure data versus flow time data were auto-
matically recorded until equilibrium is attained by the testing 
system for determining permeability. Calculation formula for 
permeability in the pressure pulse decay test can be written 
as (Brace et al. 1968; Wang et al. 2019):

where k is the permeability; ∝ is the fitting parameter based 
on fitting of the pressure decay verse flow time data with an 
exponential equation; A is sample cross-sectional area, L is 
sample length; c is the compressibility of water; μ is fluid 
viscosity; and Vu and Vd are the volumes of upstream and 
downstream chamber, respectively.

2.3 � Experimental Results

Figure 3 shows the obtained permeabilities of fractured 
rock samples. For the three tested samples, the fracture 
permeability decreases sharply with the effective stress 
under loading conditions due to the decrease in frac-
ture aperture. As confining pressure increased from 6 to 
20 MPa, sample permeability decreased from 13.72 × 10–16 
to 2.09 × 10–16 m2, 30.72 × 10–16 to 2.56 × 10–16 m2, and 
27.1 × 10–16 to 1.3 × 10–16 m2 for samples L01, L02, and 
L03, respectively. In the unloading process, the measured 
permeability recovers, but all the values are less than that 
obtained during loading under the same stress conditions. 
The permeability reduction during the loading process con-
sists of two components: fracture surfaces deformation and 
pore space squeeze due to fracture surfaces contact crush 
and friction slipping. At the beginning of the loading pro-
cess, the two fracture surfaces are linearly compacted with 
elastic deformations. When the loading stress increases to 
the asperity contact strength of the two fracture surfaces, 
the asperity contacts are crushed and reconsolidated, and 
slide occurs between the two surfaces (as shown in Fig. 4b). 
Meanwhile, the pulverized particles begin to fill the frac-
ture space and some particles are washed away with water. 
As more fracture contact is broken, the pulverized parti-
cles gradually fill the fracture. As a result, the void between 
the two fracture surfaces substantially reduces. During the 
unloading process, the elastic fracture deformations can be 
recovered while mutual embedding of fracture surfaces and 
pulverized particles filling are very difficult to compensate, 
as shown schematically in Fig. 4c. This leads to a great loss 
of fracture permeability. Note that the penetration channel 
may expand due to pulse water pressure. But the magnitude 
of fracture expansion is much smaller than the magnitude of 
void reduction due to the application of confining pressure 
(Zhao et al. 2017).

(5)� =
kA

c�L

(
1

Vu

+
1

Vd

)

Fracture deformation is measured synchronously by a 
circumferential extensometer placed in the mid-height of 
the sample. Figure 5 shows the evolution of fracture defor-
mation under loading and unloading conditions. As shown 
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Fig. 3   Permeability results of the testing samples during the loading 
and unloading processes: a sample L01, b sample L02, and c sample 
L03
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in Fig. 5, fracture deformation is decreased at a decreasing 
rate as the effective stress increases. It is noted that fracture 
deformation under unloading conditions is smaller than the 
corresponding deformation under loading conditions. This 
further implies the existence of plastic deformation of the 
fracture.

Fracture aperture has a significant influence on flow 
behavior. Changes in mechanical aperture were estimated 
following the method of Vogler et al. (2016) in which they 
used the volume change of the confining fluid to quantify rel-
ative mechanical aperture. Hydraulic aperture was calculated 
using the cubic law and the parallel plate model (Zhao et al. 
2017). Figure 6 shows the changes in mechanical aperture 
and hydraulic aperture with confining pressure for the three 
fractured samples. Mechanical aperture changes are more 
than one order magnitude larger than hydraulic aperture 
change for the tested three samples. There is an irreversible 
reduction in both mechanical aperture and hydraulic aperture 
after the loading and unloading processes. For example, after 
the loading and unloading processes, the hydraulic aperture 
of samples L01, L02, and L03 decreased by 38.7%, 31.6%, 
and 28.2%, respectively.

Contact areas can significantly affect the fracture inte-
rior geometries such as blocking the connected void spaces, 
decreasing the effective apertures, and adding more flow 
resistance (Zhang and Chai 2020). Based on the scanned 
topography, we first calculate the normal displacement of 
fracture during loading and unloading through the elasto-
plastic contact deformation principle (shown in Sect. 3.1). 
Then, the distribution of initial fracture aperture is deter-
mined using the upper and lower surface heights data (Shar-
ifzadeh et al. 2008). Therefore, we can obtain the aperture 
distribution under loading and unloading. Location areas 
where apertures are equal to or less than zero represent con-
tact areas. The contact characteristics are represented by 

the contact area ratio, which is defined as the ratio of total 
area of contact regions over the apparent area of the whole 
fracture specimen (Li et al. 2008, 2019a, b). The evolution 
of contact ratio during loading and unloading is shown in 
Fig. 7 for sample L01. At the same confining pressure con-
dition, the contact ratio under unloading is always greater 
than the contact ratio under loading. Their difference is 
small in the early stage of unloading process, which gradu-
ally increases with the unloading of confining pressure. This 
mainly because the deformation cannot be recovered fully 
during unloading, which leads to more contact areas than 
loading at the same stress condition. This mechanism can be 
well explained by the elastoplastic contact theory applied to 
rough-walled surfaces (shown in Sect. 3.1).

Table 1 shows the morphological parameters for fracture 
surfaces before and after testing. For the three tested sam-
ples, the maximum peak height Sp and the maximum depth 
of valleys Sd both experienced a substantial reduction after 
permeability tests, leading to a significant decrease in the 
maximum absolute height Sh. This phenomenon is influ-
enced by asperity crushing which decreases the peak height 
of fracture surface. Meanwhile, the breaking of individual 
grains and asperities can lead to valleys of fracture that fill 
with gouge material, resulting in a decrease in the depth of 
valleys. The arithmetic mean height Sm also experienced a 
reduction after permeability tests, indicating that discrete-
ness of the asperity heights and the deviation of the rough 
surface from the reference plane have decreased. The results 
above clearly illustrate that the surface roughness decreases 
as a result of compression due to the confining pressure and 
scouring due to the flowing water.

Fig. 4   Schematic of fracture 
compaction at: a initial state, b 
under loading conditions; and 
c under unloading conditions 
(Zhang et al. 2018)
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3 � Theoretical Analysis of Permeability 
Evolution in the Laboratory Test

In order to illustrate the permeability evolution of the frac-
tured rock mass during the unloading process, the asperity 
deformation of the rough surface was calculated by the 
elastoplastic contact deformation principle.
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Fig. 5   Deformation of samples under loading and unloading pre-
dicted curves and the experimental results: a sample L01, b sample 
L02, and c sample L03

4 6 8 10 12 14 16 18 20 22
-5

-4

-3

-2

-1

0
 Mechanical aperture change during loading
 Mechanical aperture change during unloading
 Hydraulic aperture change during loading
 Hydraulic aperture change during unloading

Confining pressure (MPa)

M
ec

ha
ni

ca
l a

pe
rtu

re
 c

ha
ng

e 
(µ

m
)

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

H
yd

ra
ul

ic
 a

pe
rtu

re
 c

ha
ng

e 
(µ

m
)

(a)

4 6 8 10 12 14 16 18 20 22
-2.0

-1.5

-1.0

-0.5

0.0

0.5
 Mechanical aperture change during loading
 Mechanical aperture change during unloading
 Hydraulic aperture change during loading
 Hydraulic aperture change during unloading

Confining pressure (MPa)

M
ec

ha
ni

ca
l a

pe
rtu

re
 c

ha
ng

e 
( µ

m
)

(b)

-0.20

-0.15

-0.10

-0.05

0.00

0.05

H
yd

ra
ul

ic
 a

pe
rtu

re
 c

ha
ng

e 
(µ

m
)

4 6 8 10 12 14 16 18 20 22
-5

-4

-3

-2

-1

0

1
 Mechanical aperture change during loading
 Mechanical aperture change during unloading
 Hydraulic aperture change during loading
 Hydraulic aperture change during unloading

Confining pressure (MPa)

M
ec

ha
ni

ca
l a

pe
rtu

re
 c

ha
ng

e 
(µ

m
)

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

H
yd

ra
ul

ic
 a

pe
rtu

re
 c

ha
ng

e 
(µ

m
)

(c)
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confining pressure for: a sample L01, b sample L02, and c sample 
L03
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3.1 � Elastoplastic Contact of Rock Joint Under 
Unloading

Realistic contact of natural rock joint can be transformed 
into the contact between a smooth surface and a rough 

surface composed of the two rough surfaces, as shown in 
Fig. 8 (Brown and Scholz 1985, 1986; Cook 1992; Tang 
et al. 2017). To obtain the analytical solution of the contact 
of rock joint, Greenwood and Williamson (1966) assumed 
that rough surface is covered uniformly with identical, 
spherically shaped asperities following a Gaussian statisti-
cal distribution. The classical Hertz solution deals with the 
elastic contact problem of a sphere and a rigid flat, which 
gives contact load as:

where E is the Young’s moduli, R is the radius of asper-
ity, and δ is the applied normal displacement. However, as 
described earlier, the original un-deformed rough surfaces 
are not fully recovered under unloading and residual stresses 
and displacements remain locked in. This indicates that the 
elastoplastic contact theory should be used in this problem.

Figure 9 shows the sketch of elastoplastic contact of 
the unloading problem (Yuan et al. 2018). As can be seen 
from the figure, the profile of the unloaded asperity is 
characterized by two parameters: a residual deformation 
ωres and a residual nonuniform curvature with a radius 
Rres at its summit. Obviously, the residual deformation and 

(6)Fne =
4

3
ER1∕2�3∕2
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Fig. 7   Evolution of contact area ratio during loading and unloading 
for sample L01

Table 1   Morphological parameters for fracture surfaces of sample L01, L02, and L03 before and after permeability tests

Parameter L01 L02 L03

Before test After test Change Before test After test Change Before test After test Change

Sp (mm) 5.73 4.94 0.79 4.05 3.11 0.94 5.41 4.29 1.12
Sd (mm) 4.98 3.18 1.8 6.11 1.63 4.48 12.45 9.88 2.57
Sh (mm) 10.71 8.12 2.59 10.17 4.74 5.43 17.86 14.17 3.69
Sm (mm) 1.69 1.44 0.25 1.73 1.52 0.21 2.73 2.25 0.48

Fig. 8   a Sketch of two rough 
surface profiles of a joint and b 
sketch of a composite topogra-
phy after Cook (1992)
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deformed profile of the unloaded asperity depend on the 
loading level with associated parameter of the maximum 
deformation or the maximum contact load from which the 
unloading process started.

A critical deformation which describes the transition 
from the elastic to the elastoplastic deformation regime 
is defined as (Chang et al. 1987; Kogut and Etsion 2002; 
Yuan et al. 2017):

where K is hardness coefficient, K = 0.454 + 0.41ν (Chang 
et al. 1988), H is the hardness of the asperity, H = 2.8Y, and 
Y is the yield strength of material. Based on the parame-
ter ωc, Kogut and Etsion (2002) summarized the asperity 
deformation as elastic deformation (ω ≤ ωc), elastoplas-
tic deformation (including first elastoplastic deformation 
regime (ωc < ω ≤ 6ωc) and the second elastoplastic deforma-
tion regime, 6ωc < ω ≤ 110ωc), and full plastic deformation 
(ω > 110ωc).

For ω ≤ ωc, the elastic contact load on the asper-
ity under the unloading process is given in Eq. (6). The 

(7)�c =
(
�KH

2E

)2

R

contact area between the asperity and the rigid surface in 
the elastic deformation regime is given by the Hertzian 
theory to be (Johnson 1985)

For the elastoplastic contact problem, the contact load 
and contact area on the asperity during unloading can be 
written as (Etsion et al. 2005):

where the subscript nep donates the elastoplastic regime and 
amax and Fmax are the contact area and contact load from 
which the unloading process started, respectively. Therefore, 
amax and Fmax can be calculated during the loading process. 
Kogut and Etsion (2002) presented a solution for elastoplas-
tic deformation contact problem during loading, which gives

(8)a = �R�

(9)Fnep = Fmax

(
� − �res

�max − �res

)1.5(�max∕�c)
−0.0331

(10)anep = amax

(
� − �res

�max − �res

)(�max∕�c)
−0.12

Fig. 9   Sketch of elastoplastic 
contact of the unloading prob-
lem (Yuan et al. 2018)

(11)a1
max

aec
= 0.93

(
𝜔max

𝜔c

)1.136

,
F1
max

Fec

= 1.03

(
𝜔max

𝜔c

)1.425

, for 𝜔c < 𝜔max ≤ 6𝜔c

(12)a2
max

aec
= 0.94

(
𝜔max

𝜔c

)1.146

,
F2
max

Fec

= 1.40

(
𝜔max

𝜔c

)1.263

, for 6𝜔c < 𝜔max ≤ 110𝜔c
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where aec and Fec are the contact area and contact load for 
ω = ωc, respectively (i.e., aec = �R�c , Fec =

4

3
ER1∕2�

3∕2
c  ). 

Superscripts 1 and 2 indicate the first elastoplastic deforma-
tion regime and the second elastoplastic deformation regime, 

respectively. Substituting Eqs. (10), (11), and (12) into 
Eq. (9) yields the contact load on asperity during unloading:

The full plastic deformation occurs in a single asperity 
for ω > 110ωc. Since asperity does not have a recovery 
process under full plastic contact condition, there are no 
contact area and contact load in the unloading process 
when the loading stress is removed. Therefore, the full 
plastic contact problem (ω > 110ωc) under the unloading 
process is not included in this paper.

Figure 10 shows the relationship of contact area and 
contact load for a single asperity during loading and 
unloading. When the ratio of asperity deformation over 
asperity height (ωmax/h) is 0.3, only elastic deformation 
occurs and the two curves of contact area versus contact 
load under loading and unloading coincide. In the elas-
tic stage, the load–area relation is F ∝ a1.5. When ωmax/h 
is over 0.367, the elastoplastic deformation occurs. For 
ωmax/h = 0.6, the first elastoplastic deformation happens 
in the asperity and the contact area under unloading is 
larger than the area under loading due to the fact that the 
deformation cannot be recovered fully which leads to the 
increase in curvature radius, and hence resulting in the 
larger contact area. For ωmax/h = 0.9, the second elasto-
plastic deformation takes place. In the first elastoplastic 
deformation regime, the load–area relation is F ∝ a1.2544, 
and in the second elastoplastic deformation regime, the 
load–area relation is F ∝ a1.1021.

The total real contact area and total contact load of the 
rock joint during unloading can be evaluated as follows:

(13)F1
nep

=
2.06KH

3
aec

(
�max

�c

)1.425
(

a

0.93aec
(
�max∕�c

)1.136

)1.5(�max∕�c)
0.0869

(14)F2
nep

=
2.8KH

3
aec

(
�max

�c

)1.236
(

a

0.94aec
(
�max∕�c

)1.146

)1.5(�max∕�c)
0.0869

(15)Ar = ∫
al

0

n(a)ada

where n(a) is the size distribution function of contact asperi-
ties in the rough surface and al represents the largest contact 
area of asperity. The total contact load on rough surface is 
given by

where aepc is the critical elastoplastic contact area, which 
marks the transition from the first elastoplastic deformation 

regime to the second elastoplastic deformation regime. It is 
given by

Note that Eq. (16) is the foundation for calculating the 
total contact load on fracture surface. It applies to the 
unloading conditions of fractured rock, while for loading 
conditions, a full plastic deformation regime may occur, 
which should be considered in calculating the total contact 

(16)F = Fe + F1

ep
+ F2

ep
= ∫

aec

0

Fnen(a)da + ∫
aepc

aec

F1
nep

n(a)da + ∫
al

aepc

F2
nep

n(a)da

(17)aepc = 0.93aec

(
6�c
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)1.136

= 7.1197aec
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gle asperity during loading and unloading
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load. Moreover, during the underground excavations, the 
stress conditions of joint surface in rock masses can be esti-
mated through Eq. (16).

3.2 � Correlation Between Permeability and Stress

For porous mediums, it is widely accepted that the permea-
bility evolution is correlated with the effective stress through 
the exponential function (Shi and Durucan 2004; Liu and 
Rutqvist 2010; Chen et al. 2015). Therefore, the permeabil-
ity evolution can be expressed as follows:

where k0 is the initial permeability, Cf is the rock fracture 
compressibility, σ0 is the initial effective stress, and σ is the 
effective stress, which can be obtained by dividing the con-
tact load F by contact area Ar. Combining with Eqs. (16) 
and (18), we obtain the permeability of rock joint during 
the unloading process. Since the nature of the preceding 
loading has a significant influence on the unloading part 
of the fracture surface contact (Zait et al. 2010), the flow 
behavior through fractured rock mass varies with the maxi-
mum loading stress. For the maximum deformation at the 
end of the loading phase less than the critical deformation 
ωc, only the first item in the right of Eq. (16) should be used. 
At this stage, the deformation of fracture is elastic and no 
permeability loss occurs. When the maximum deformation 
overs ωc, the elastoplastic contact problem comes into play. 
This leads to permeability loss during the unloading pro-
cess, and the second item and even the third item (depending 
on the regime of elastoplastic deformation) in the right of 
Eq. (16) should be used to calculate the contact load and 
then permeability.

3.3 � Model Validation

Experimental results and theoretical results are compared 
to evaluate the usefulness of the proposed model. The 
morphology parameters of the tested samples are obtained 
from the 3D morphology scanner system in Sect. 2. The 
computed processes are as follows:

1.	 Determine the composite topography and the associated 
contact case using the morphology data of fracture sur-
face (i.e., the coordinate of surface points obtained from 
the 3D scanner system).

2.	 Estimate the size distribution function of contact asperi-
ties n(a) and the largest contact asperity area al, and 

(18)
k

k0
= exp

[
−3Cf

(
� − �0

)]

calculate the radius of asperity R. In this paper, Gaussian 
statistical distribution is adopted to describe the asperity 
height, as shown in Fig. 11.
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Fig. 11   Size distribution function of asperity height, a–c correspond-
ing to samples L01, L02, and L03, respectively
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3.	 Calculate the critical deformation ωc through Eq. (7), 
elastic critical contact area aec through Eq. (8) with 
ω = ωc, and elastoplastic critical contact area aepc 

through Eq.  (17). Then, estimate the deformation 
regime.

4.	 Calculate the total contact load and contact area, and 
estimate the effective stress.

5.	 Fit the permeability data. Elastic modulus and Poisson’s 
ratio can be determined from the stress–strain curve 
in uniaxial compression test, in this paper, E is set to 
18.7 GPa, and ν is set to 0.33. The values of ωmax and 
Cf are identified by fitting the measured data in Fig. 12. 
Note that Cf is regarded as constant in the model valida-
tion for simplicity.

Both the predicted curves and the experimental results 
are shown in Fig. 12. Note that the sorption effects are not 
included in this paper. It can be drawn from Fig. 12 that 
the evolution of permeability is fairly well captured by our 
model for the whole unloading process, supporting the 
usefulness of our model.

4 � Conclusions

Underground excavations usually cause stress unloading of 
the surrounding rock masses, which changes the rock mass 
permeability significantly. This paper investigates the fluid 
flow behavior through fractured rock mass under unloading 
conditions by performing a series of permeability tests on 
three fractured limestones. Based on the study, several con-
clusions can be drawn.

1.	 Permeability and deformation of fractured samples 
measured under unloading conditions are found to 
be smaller than those obtained under loading condi-
tions under the same effective stress. The permeabil-
ity reduction can be attributed to the fracture surfaces 
deformation and pore space squeeze due to fracture 
surfaces contact crush and friction slipping. Mutual 
embedding of fracture surfaces and pulverized particles 
filling are very difficult to compensate for in the pro-
cess of unloading, resulting in a significant reduction 
in permeability.

2.	 The height statistic parameters were measured to quan-
tify the morphological change of fracture surfaces 
before and after testing. It is found that the maximum 
peak height Sp, maximum depth of valleys Sd, maxi-
mum height Sh, and arithmetical mean height Sm were 
all decreased after testing, indicating that the surface 
roughness decreases as a result of compression due to 
the confining pressure and scouring due to the flowing 
water.

3.	 To describe the flow behavior under the unloading con-
dition, a fractured rock permeability model is developed 
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Fig. 12   Comparisons of the predicted curves and the experimental 
results: a sample L01; b sample L02; and c sample L03
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by the model of elastoplastic contact between rough 
surfaces. In the present model, both the effects of the 
topography of fracture surfaces and the elastoplastic 
deformations are considered. The proposed approaches 
are demonstrated by favorable comparisons between 
measured and analytical results.
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