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A B S T R A C T   

The evolution of fracture geometries caused by asperity damage and gouge formation during the shear signifi-
cantly affect fluid flow in rock fractures. In this research, a cylindrical sandstone sample was fractured by using 
the Brazilian splitting test. Fluid flow tests and 3D scanning methods were performed on the fractured sample 
when it was sheared, to examine how shear-induced alteration of fracture geometries affected the permeability. 
A simplified modeling algorithm was proposed to quantitatively characterize the asperity degradation and gouge 
accumulation within the fracture during shear, based on which a series of fracture geometries models at different 
shear stages were established to conduct the N–S (Navier-Stokes) flow simulations, allowing for an analysis of the 
link between the fracture geometries evolution and the change in flow behavior during shear. Test results show 
that shear dilation increase the permeability at the early shearing stages but then was offset by the gouge for-
mation at the residual shear stages, leading to the reduce of fracture permeability. The simulated distribution of 
asperity degradation and gouge distribution, as well as the normalized permeability change in the sheared 
fracture correlated well with the experimental measurements. Simulation results show that the fracture 
permeability is affected not only by the fracture aperture but also by the distribution, location and size of 
contacts evolving during shear. The channeling flow become more dominant as the shear displacement increases; 
this is largely controlled by the location of contacts that span almost the entire width of the fracture and has the 
tendency to block the flow paths. The fluid flow transforms from the dispersion at the early shearing stage to the 
apparent channeling flow along the narrow side of the fracture in the later shearing stages.   

1. Introduction 

Fractures have permeabilities that are orders of magnitude higher 
than the surrounding intact rock and constitute the dominant flow 
pathways for fluids to move through the rock mass. For numerous 
subsurface engineering, the excavation-induced artificial fractures in 
surrounding rock are intrinsically heterogeneous, and their hydraulic 
properties are closely related to the fracture geometry.1,2 Fracture ge-
ometries are easily modified by the induced local applied stresses 
resulting from excavation processes, including the induced shear slip-
page along the fractures due to shear stress. 

The initiation of shear slip can result in a mismatching of the inter-
locked asperities located on two opposing rough surfaces, causing 
dilation and drastically increasing the aperture size and permeability in 
the fracture. As slip progresses, the asperities break down due to their 

low mechanical strength,3,4 which is commonly observed in 
experiments,5–8 and the resulting rolling and crushing of the sheared-off 
particles could lead to the gouge formation and a lowering of perme-
ability. As the gouge inside the fracture is redistributed it blocks the flow 
path, further reducing the fluid transport properties in the fractures. 
Thus, understanding the shear-induced evolution of fracture geometries 
and the effects on hydraulic characteristics of rock fracture is important 
to know the groundwater flow in fractured surrounding rock during 
engineering activities. 

Several experimental configurations have been used to assess the 
flow in fractures during shear, with different boundary conditions 
(constant normal load and constant normal stiffness),9–15 and different 
flow directions (axial flow from one end to the another, and radial flow 
from the center to the exterior).16–26 In addition, a variety of numerical 
studies also mentions how shear affects the fluid flow or solute transport 
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in fractures.27–33 These publications provide fundamental knowledge on 
changes in the hydraulic conductivity of fractures suffering shear, but 
most of them only focus on the increase in the hydraulic aperture caused 
by shear dilation and neglect the effect of asperity degradation. Much 
research has characterized the surface degradation during shear.34–40 

However, the permeability decrease caused by gouge production is 
mentioned in only a limited number of papers,41–43 which indicates that 
the shear-induced asperity degradation and the resulting gouge material 
production change during shearing, which clogs the main fluid flow 
channels and results in a reduction in transmissivity that mainly occurs 
at the larger slip displacement.25,44 Through simulations, the aperture 
sizes were found to be reduced slightly due to asperity degradation, 
resulting in a decrease in permeability in the sheared fractures.45 

Nguyen and Selvadurai,3,4 in their theoretical development, assumed 
that gouge production is related to the plastic work of the shear stresses, 
and the cubic law can be used to describe the relationship between the 
permeability and the fracture aperture. To date, these studies allowed 
only a simple observation and description of the permeability decrease 
caused by gouge formation, and the quantitative characterization of 
asperity damage and gouge accumulation in sheared fractures, espe-
cially their influence on the permeability and flow behavior, needs to be 
examined in detail. There is clearly a scarcity of test data to validate the 
accuracy of the theoretical postulate. 

In this study, a fracture was produced in a cylindrical sandstone 
sample using the Brazilian direct splitting method. The re-assembled 
sample was then used to conduct the shear-flow test and 3D scanning 
measurements, to investigate the shear-induced changes in fracture 
geometries and their impact on the permeability. A simplified modeling 
algorithm was used to characterize asperity degradation and gouge 
accumulation during shear. A series of fracture geometry models at 
different shear stages were then established to conduct N–S (Navier- 

Stokes) flow simulations, which allowed an analysis of the link between 
the evolution of fracture geometries (asperity degradation and gouge 
formation) and changes to the flow behavior during shearing. The 
simulated results, including the distribution of asperity degradation and 
gouge, as well as the permeability changes in the sheared fracture, were 
compared with the test measurement. 

2. Test measurement observations 

2.1. Measurement I − shear flow tests 

Sandstone is widely distributed in the Permian and Carboniferous 
sedimentary rocks in China, and the samples used in this study were 
obtained from Xiegou coal mine located in the northern part of the 
Hedong coalfield in Shanxi Province.46 The permeability of intact 
sandstone is range between 1E-14 mto 1E-13 m,2 and the grain size is 
range about 0.12 mm–0.25 mm. X-ray diffraction analysis (XRD) 
showed that the sandstone is composed of 54% Quartz, 16% Microcline, 
12% Albite, 10% Calcite and others by volume. Using the Brazilian 
splitting test, a single rough fracture was experimentally produced in a 
cylindrical sandstone specimen with dimensions of 50 mm diameter ×
96 mm height. The specimen was then assembled in a triaxial cell to 
conduct direct shear-flow tests (Fig. 1). The tested sample was prepared 
as follows: Firstly, 25 mm was cut from opposite ends of two halves of 
the fractured sample (Fig. 1), to form the relative shearing length. Sec-
ondly, a flow hole with a diameter of 2 mm was drilled in both of the 
non-cut ends to the inner surface of each halve to form an L-shaped 
seepage path for fluid flow through the fracture. Subsequently, the cut 
ends of the sample were filled with the silicon rubber, which is 
deformable when solidified, enabling the axial force to be carried by two 
non-cut ends of the sample, forming the shear force that acts on the 

Fig. 1. The fractured sample prepared for the shear-flow test.  
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specimen under the confinement. The silicon rubber was also applied 
thinly to two lateral edges of the fracture to prevent fluid flow leakage 
during shear. Compared to the low permeability of intact rock, the in-
jection water was through to flow mainly through the rough fracture. 

Once the fractured sample was sealed and assembled in the servo- 
controlled triaxial system, a constant confinement pressure of 4 MPa 
was applied by injecting hydraulic oil into the cell. The shear loading 
was then increased at a constant displacement rate of 0.12 mm/min. The 
shear displacement rate is in accordance with the ISRM suggested 
methods for the direct shear test,47 in which the shear displacements 
rates of about 0.1–0.2 mm/min are considered suitable. The deformable 
silicon rubber, once axially compressed, will be extruded from the side 
of the sample. It not only prevents the rupture of the thermal shrinkable 
jacket enclosing the specimen under confinement during the shear, but 
also does not affect the fluid flow through the rock fracture (Fig. 2). The 
test was stopped when the shear displacement exceeded 15 mm. 
Displacement transducers were installed normal to the fracture surface 
of the sandstone sample to measure the dilation deformation of the 
fracture during shear. A constant flow rate of 10 ml/min was injected 
through the lower end of the sample at each shear step by stopping the 
shear process temporarily, to investigate how the permeability changes 
with the asperities evolution during the shear. The total length of the 
fractured sample decreased 15 mm and also comes with a dilation 
deformation ΔW, as represented in Fig. 2. All measurements were 
recorded instantaneously during the test. In this study, the experiment 
was conducted under the isothermal condition at a room temperature of 
about 25 ◦C, and the outlet was open to the atmosphere. 

The experimental results of the relationship between the shear stress 
(defined by τ/σn in the present study) and the shear displacement, as 
well as the changes in normal dilation and permeability of the fracture 
are shown in Fig. 3. Here the permeability was calculated through the 
Cubic law for the cross-sectional area between two holes and the flow 

length decreases with the shear advances. As shear stress is applied, the 
fracture experiences an initial closure (shear contraction). Then, the 
shear stress increases linearly with the shear displacement until the peak 
stress and a significant strain-softening phase occurs at the post-peak 
stage, during which the shear dilation increases steadily due to the 
overriding of primary contacting high-order asperities on two opposing 
rough surfaces, resulting in a rapid increase of fracture permeability to a 
maximum of about 1.87 E-10 m.2 When the shear enters the residual 
stage, the shear stress drops to a constant value of about 13 MPa, the 
growth rate of shear dilation slows down, and the fracture permeability 
decreases significantly. This is mainly due to the crushing and rolling of 
the damaged asperities, which produces gouge material and blocks the 
flow paths. This is the focus in this study. 

2.2. Measurement II − asperity damage and gouge distribution 

Due to limited monitoring techniques, it is difficult to measure as-
perities degradation and gouge generation in real time during shear. In 
this study, a 3D scanner OKIO-H-200, TENYOUN, was used to charac-
terize the morphologies of two rough fracture surfaces (Fig. 4-a). The 
shear-induced reduce of asperities on each surface was obtained by 
transforming the scanned point cloud data of two surfaces before and 
after the shear into the same coordinate system by using the point cloud 
matching technique.48 The transformed point-cloud data were then 
converted into a high-precision mesh by using Galerkin interpolation 
algorithm through the SURFER software, and the X–Y space is 0.005 
mm. For the test setup, the fracture area increases with the shear ad-
vances, but the actual flow length, between the inlet and outlet holes, 
decreases. To avoid boundary effects, the central area of approximately 
55 × 40 mm2, representing the effective flow zone between the two fluid 
flow holes (the domain shown in Fig. 4-c), was extracted for calculating 
the degradation of asperities and subsequent flow simulations. 

Fig. 2. Schematic of the shear process of the fractured sample. (a) before the shear, (b) after the shear. L and W are the length and width of the sample, respectively. 
L0 is the cut length from the end, ΔL and ΔW are the compressed length and shear dilation of the sample after the shear, respectively. 
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Fig. 3. The measured shear stress (τ/σn) versus shear displacement and the changes in normal dilation and permeability of the fracture, (a) is the enlargement of 
curves before the shear displacement of 1 mm. 

Fig. 4. Characterization of the shear induced asperities degradation and gouge production distribution of the rough fracture.  
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Before the test, both two fracture surfaces were sprayed with a thin 
layer of developer (dye penetrant supplied by Inspection Equipment Co. 
LTD, Shanghai), which has no influence on the mechanical properties of 
rock asperities and also could easily be washed away by the fluid flow 
(Fig. 4-b); this allowed a clear observation of the flow path, mainly 
represented by the black pixels through the binarization processing 
(Fig. 4-c); It should be noticed that, after the flow test, the gouge will be 
wetted by the flowing fluid and then cling to degradation zones; their 
location would not change when being taken out from the triaxial ma-
chine. Fig. 4-d plots the difference in height of the asperities of the point 
cloud of the surface B before and after shear. The shear-induced asperity 
degradation and gouge formation, ascribed to the reduction and in-
crease of the heights, respectively, are clearly observable in the 2D 
profile cut from the surface (Fig. 4-e). More discussion regarding this 
will be presented in the result section. 

3. Modeling algorithm and flow simulations 

Above test results show that both two fracture surfaces suffer severe 

asperity degradation after shearing, and the gouge generated from the 
crushing and milling of asperities accumulate in areas where higher- 
order asperities abut on two opposing walls of the fracture. These phe-
nomenon are observed at some published test results40,49 and also 
proved by the hybrid continuum/discontinuum modeling in Tatone and 
Grasselli50 and the microscopic DEM study in Zhao.37 To simplify above 
complicated processes, several assumptions are made to describe the 
fracture geometries evolution during the shear: 1) the shear-induced 
dilation normal to the rough fracture is assumed to be distributed uni-
formly over the whole fracture surface; 2) the negative aperture, i.e., the 
inter-penetration of the upper surface into the lower one, is recognized 
as asperity degradation; 3) the gouge generated from asperities degra-
dation are distributed around degradation zones and their movement 
carried by fluid flow was neglected. Based on these assumptions, the 
fracture aperture changes with the shear-induced asperity degradation 
and gouge formation during the shear can be evaluated. 

Fig. 5. Schematic of the 2D discretization of the fracture plane, and the calculation procedures of the asperities degradation and resulting gouge formation during the 
shear; Shear is along the y-direction. Us is the shear interval. 

Fig. 6. Boundary conditions for the flow simulation in the fracture model.  
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3.1. Change of fracture apertures during shear 

The fracture morphology, i.e. the spatial positions of upper and lower 
fracture surfaces, are necessary to determine the fracture aperture, and 
for this purpose many measurement techniques have been 

proposed.51–53 In this study, the point-cloud data matching technique, 
introduced by Chen et al.48,54 was used to move the measured mor-
phologies of the upper and lower surfaces into the initial matching state 
(initial zero stress condition). The matching point-cloud data was then 
converted to a high-precision mesh by using the Kriging gridding 

Fig. 7. Comparison of shear induced asperity degradation (positive) and gouge formation (negative) between experiments and modeling for the upper (a) and lower 
(b) fracture surfaces. 
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method, and the fracture aperture EI
ini at any grid point I can be 

calculated: 

EI
ini = zI

u − zI
l (1)  

where I is the index of grid-points, zI
u and zI

l represent the Z-elevation of 
the point I at upper and lower fracture surfaces, respectively. The con-
tact area, defined as fracture apertures below 10 μm (restricted by the 
scanning precision), can be determined, while the remaining fracture 
apertures, greater than 10 μm, are regarded as void spaces. As a result, 
the void spaces and contact distributions within the fracture can be 
determined; these are necessary to investigate the evolution of geometry 
characteristics of the rough fracture during shear. The shear-induced 
change in fracture aperture EI

m can be obtained from: 

EI
m = EI

ini
− ΔEn + ΔEs − EI

d (2)  

where ΔEn and ΔEs are the average change of the fracture aperture due 
to normal compression and shear dilation, respectively, which can be 
obtained experimentally by using displacement transducers installed 
normal to the fracture surface during the hydraulic tests (Fig. 2). The 
difference of the measurement between the fractured and intact rock 
deformation at different stress states is regarded as the fracture 
aperture.55–57 EI

d is the change of fracture aperture due to asperity 
degradation and gouge formation, and the solution will be discussed 
below. 

3.2. Representation of asperity degradation and gouge formation 

The point cloud data of upper and lower surface (Fig. 5-a) are dis-
cretized into a lattice element with the same size Δx(Fig. 5-b); each 
lattice ti,j is a point matrix that includes a total of δ× δ data points (Fig. 5- 
c). The fracture aperture at any lattice point (m, n) is determined by the 
difference in the Z-elevation of two points at the upper and lower sur-
faces, respectively. The total gouge volume Ni,j in each lattice ti,j is 
represented as: 

Ni,j =
∑δ

m=0,n=0
Vm,n  (3)  

in which 

Vm,n =

{
− Zm,n −

+Zm,n (− Zm,n > +Zm,n )

0 (− Zm,n > +Zm,n ) (4)  

where Vm,n is the gouge generated from asperities degradation at point 
(m, n) in lattice ti,j, which is not equal to 0 when Z-elevation of the lower 
surface − Zm,n is larger than that of the upper surface +Zm,n. 

Assuming the damage of interlocked asperities on upper and lower 
surfaces contribute equally to gouge generation, so the change of the Z- 
elevation of two surfaces in each lattice point (m, n) can be represented 
as； 

Zaft
m,n =Zbef

m,n −
Vm,n

2
(5)  

Zaft
m,n =Zbef

m,n +
Vm,n

2
(6)  

where Zbef
m,n, Zaft

m,n, Zbef
m,n and Zaft

m,n represent the shear induced change of Z- 
elevation of each grid point (m, n) at upper and lower surfaces, respec-
tively. 

Based on the previous assumption that the generated gouge are 
distributed evenly around the degradation zone, and the volume of 
gouge NI generated in each lattice from Eq. (3) is assumed to accumulate 
equally in other void spaces of grid points in the lattice ti,j, where 
Zm,n < Zm,n. The average gouge formation allocated to each void grid 
point is represented as: 

ΔeI
v =

Ni,j

Nv
(7)  

where Nv represents the total number of void grid points in the lattice ti,j. 
The Z-elevation of the void grid (i, j) accumulating the average gouge is 
changed as: 

Zaft
m,n =Zbef

m,n +
Δev

2
(8)  

Zaft
m,n =Zbef

m,n −
Δev

2
(9)  

Fig. 8. Comparison of modelled and test measured normalized permeability with the shear.  
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where Zbef
m,n, Zaft

m,n, Zbef
m,n and Zaft

m,n represent the change of Z-elevation of 
each grid point (m, n) considering the gouge accumulation at upper and 
lower surfaces, respectively. Note that if the rest of void points in the 
lattice ti,j are insufficient to accommodate damaged volume Ni,j, the 
remaining gouge is equally deposited into neighboring eight lattices 
around the lattice ti,j, and so on. 

At each shear displacement interval Us, the topographical data of the 

upper and lower surfaces were updated based on above calculation 
procedures, Eqns. (1)–(9), to represent the change of point data 
considering the asperity damage and gouge formation. The MATLAB 
code was developed to iteratively solve Eqns. (1)–(9); the smaller shear 
interval Us and lattice size δ, the more accurate the result. Here, Us and δ 
were set to 0.05 mm and 4, respectively. 

Fig. 9. Modeling results of the distributions of void (white) and contact (black) zones in the rock fracture under increasing shear displacements.  
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3.3. Flow simulations in sheared fracture 

3.3.1. Governing equations 
The flow simulation for a rough fracture is achieved by solving the 

Navier-Stokes equations (NSE), which represents momentum conser-

vation. For stable, incompressible and isothermal single Newtonian fluid 
flow, the NSE can be written as58: 

ρ(u ⋅∇)u+∇P = μ∇2u (10) 

Fig. 10. Modeling results of mean aperture and contact ratio, as well as the tested normal dilation change under different shear displacements.  

Fig. 11. Flow velocities (a), water pressure (b) and streamlines (f) distribution in the fracture at the shear displacement of 1 mm. (c) Enlarged view of the red circle in 
(a); (d) Flow velocity distribution along a profile; (e) Flow velocities of the middle surface within the fracture. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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where u is the flow velocity vector, μ and ρ are the dynamic viscosity and 
density of the fluid, respectively, P is the reduced pressure defined by 
P = p − ρgζ, where p is the pressure and ζ is the co-ordinate pointing in 
the direction of the gravitational acceleration. The convective acceler-
ation terms (u ⋅∇)u, representing the inertial forces acting on the fluid, 
give rise to the nonlinearity of the equation. The solution of N–S equa-
tions must always be supplemented by the equation for conservation of 
mass, which for an incompressible fluid takes the form: 

∇ ⋅ (ρu) = 0 (11) 

Since this study focuses on how changes in fracture geometries in 3D 
real rough fractures affect the final stabilized flow behavior in fractures, 
the changes in the flow characteristics over time are not a consideration, 
allowing the steady solver to be used instead of the transient solver. The 
density and viscosity coefficient of water are set to 1000 kg/m3 and 1 ×
10− 3 Pa•s, respectively. 

3.3.2. Model setup and procedures 
The shear-induced changes in fracture geometries are obtained by 

using the above simplified modeling algorithm, and each rough surface 
of the fracture can then be duplicated using the high-precision parame-
terized surface functions in the COMSOL™ software. The irregular spatial 
structure sandwiched between two parameterized surfaces, built based 
on two fracture surfaces, can be employed to represent the real fracture 

geometries in three-dimensions. However, due to the restricted preci-
sion of the geometric reconstruction in COMSOL™, the contact areas 
between the two parameterized surfaces that possess zero values for the 
aperture can easily cause unavoidable geometric errors and obstruct the 
subsequent steps, including the mesh generation and flow calculations. 
Such errors are not seen in the geometric modeling of small-scale frac-
ture surfaces but become more pronounced as the scale increases. In this 
study, the geometric reconstruction on a scale of about 40 × 55 mm for 
the rough fracture was difficult to implement in COMSOL™ after several 
attempts. Thus, to avoid such errors, a special treatment that assigns 
very small aperture values (about 10 μm) to the contact elements was 
adopted. Once the geometry of the fracture model was completed, it was 
straightforward to conduct the mesh generation and assign the suitable 
initial and boundary conditions for flow simulations. A total of an 
average of 10 million tetrahedral elements was meshed for each fracture 
geometry. The sensitivity analysis was conducted to examine how 
increasing the grid numbers from 5 million to 20 million tetrahedral 
elements would influence the flow behavior within the fractures, at a 
flow rate of 10 ml/min. The results show that the pressure drop between 
the injection and outlet ends remains almost constant with an increase in 
grid numbers. 

Under each stage of shearing, the unidirectional flows parallel to the 
axis of the fracture were considered by fixing a constant injection flow 
rate of 10 ml/min along the inlet boundary and zero pressure, i.e.P = 0, 
along the outlet boundary, highlighted in red in Fig. 6. In addition, the 

Fig. 12. Flow velocities, water pressure and streamlines distribution in the fracture at different shear displacement, (a) 3 mm, (b) 5 mm, (c) 7 mm, (d) 11 mm and (e) 
15 mm. 
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upper and lower fracture surfaces and the side boundaries in the fracture 
model were specified as non-slip boundaries, i.e. u = 0m/s, and no flux 
boundaries, i.e. ∂h/∂n = (∇h)⋅n (where n is the outward with normal to 
the surface), respectively. Such boundary conditions are consistent with 
the test measurements in section 2. A total of thirteen fracture mor-
phologies, at different shear displacements of 0 mm, 0.5 mm, 1 mm, 2 
mm, 3 mm, 4 mm, 5 mm, 6 m, 7 mm, 9 mm, 11 mm, 13 mm, and 15 mm, 
were used to build a series of 3D fracture models. 

4. Results and discussion 

4.1. Verification of the modeling algorithm by test results 

4.1.1. Comparison of surface characteristics 
Fig. 7 shows the comparison of shear-induced changes of asperities 

heights between experiments and modeling for upper and lower sur-
faces. The positive and negative values represent the asperity degrada-
tion and gouge formation, respectively. The clusters of asperity 
degradation (marked with dashed circles) are mainly distributed along 
one side of the fracture and almost span the entire width of the fracture; 
their distribution depends on the location of higher-order asperities 
damage.20 The distribution of asperity degradation (yellow) matches 
well with the observations of white pixels of the binarization figures in 
Fig. 4-c, in which the white pixels represent no-flow zones caused from 
the damage of contacting asperities. In addition, the gouge (green) are 
distributed around the damaged area. These indicates that the test 

results correlated well with the modeling. 

4.1.2. Comparison of fracture permeability 
The simulated and tested normalized fracture permeability are 

compared in Fig. 8. The normalized permeability refers to the ratio of 
the permeability at any shear displacement to that at the initial shear 
displacement of 0 mm. As the shear increases, both the test measured 
and modelled permeability show a slight increase before the shear 
displacement of 5 mm, and then increases suddenly until reaches the 
maximum at the displacement of 7 mm. Subsequently, the permeability 
begins to drops and decreases gradually with the shear. The variation of 
simulation values is in good agreement with those measured at each 
shear displacement, indicating that the proposed modeling algorithm is 
capable of accounting for the actual evolution of the fracture perme-
ability with the shear, considering asperity degradation and gouge for-
mation. This provides a basis for the following representation of the 
changes of geometries and flow behaviors within the rock fractures 
during shear, including the distribution of velocities, streamlines, as 
well as the fracture water pressure, all of which cannot be easily 
observed in tests. More mechanism explanation regarding to the above 
permeability variation will be given below. 

4.2. Heterogeneous evolution of fracture geometries with shearing 

Modeling results of void (white) and contact (black) distributions 
within the rock fracture under increasing shear displacements (Fig. 9) 

Fig. 12. (continued). 
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were plotted to gain an understanding of the evolution of geometries 
throughout the fracture plane. In addition, the modelled mean aperture 
and the contact ratio, as well as the test measure normal dilation at 
different shear displacements are plotted in Fig. 10. The contact zones 
undergo a reorganization during shearing (Fig. 9), mainly gathering 
around areas where asperities abut on opposing fracture walls. As the 
shear starts, the contact ratios experience an initial increase from 79% to 
83% due to shear contraction, and then begins to decrease at the shear 
displacement of 0.3 mm, along with the aperture increasing due to 
fracture dilation. Subsequently, as the shear advances to about 3–5 mm, 
the contact ratio increases continuously to 25% and the contact area is 
distributed discretely at the rough surface(Fig. 9); this is ascribed to 
gouge accumulation resulted from asperity damage, thus leading to the 
slow permeabiltiy increase in this stage (Fig. 8). At the shear displace-
ment of 7 mm, the contact ratio decreases rapidly to about 10% due to 
the significant shear dilation, which may be attributed to the rolling of 
the damaged high-order asperities and the climbing of the primary as-
perities between two surfaces at the later stages of shear,20 and thus 
leading to the rapid increase of the fracture peameabiltiy to the 
maximum (Fig. 8). As the shear displacement exceeds 7 mm, the shear 
dilation, the mean aperture and the contact ratios increase slowly and 
finally reach stable values, are 0.98 mm, 1.05 mm, and 29%, respec-
tively. Thus, the permeability decrease occurring during this stage can 
be ascribed to the gouge distribution. As can be observed clearly in 
Fig. 9, the contact zones are mainly concentrated on one side of the 
fracture, and their size and extent develop rapidly as gouge begins to 
clog the fracture, spanning almost the entire width of the fracture by the 

final shear step of 15 mm. The increasing trend of normal dilationddi-
lation with shear displacement in rough fracture correlated well the 
variation of mean aperture, but it cannot be used as an indicator to 
describe the decrease of permeability at larger shear displacement. The 
asperities degradation and the resulting gouge accumulation affect the 
aperture development and limit the increase of the permeability in the 
fracture during the shear, which will be discussed in section 4.3. 

4.3. Channeled flow evolution in 3D fractures during shear 

The distributions of flow velocities, water pressure and streamlines 
at different shear displacements from flow simulations are shown in 
Fig. 11 (shear displacement of 1 mm) and Fig. 12 (shear displacements 
from 3 mm to 15 mm), with the flow direction from the bottom to the 
top. Fig. 11-a shows the norm of the flow magnitude field, U =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2

x + u2
y + u2

z

√
, in sectional views in the x− and y− directions, within 

the whole fracture. The flow velocity through each aperture, shown in 
the enlarged view of the red circle in Fig. 11-c, indicates that the velocity 
tends to zero along the upper and lower fracture walls due to the no-slip 
boundary effects and obtains its maximum in the middle (Fig. 11-d). 
This variation conforms to the well-known Poiseuille flow with a para-
bolic velocity profile across the fracture aperture.59 The contour maps 
representing the flow velocities at the mid-surface of the fracture are 
given in Fig. 11-e. In addition, the water pressure and the streamlines are 
plotted in Fig. 11-b and 11-f, respectively. The streamlines include the 
distribution of apertures to indicate that the dense flow lines are mostly 
concentrated in large apertures. The simulation results show that flow 

Fig. 12. (continued). 
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velocities are distributed non-uniformly at the surface due to hetero-
geneous distribtutions of void spaces and asperity contact. For all sim-
ulations, the highest flow magnitudes constitute the preferential 
channels through the fracture and they were tortuous around zones of 
contact, becoming more dominant as the shear advanced. The water 
pressure across the entire fracture shows a linear reduction at the initial 
shear displacement ranging from 1 mm to 3 mm, and then decrease 
nonlinearly at a shear displacement of 5 mm (Fig. 12-b), mainly because 
the contact and small apertures create higher resistance to flow and 
cause a large local pressure differential. The heterogeneous distribution 
of contact causes the non-uniform distribution of water pressure within 
the rock fracture. The heterogeneity of the streamlines in fractures in 
these figures clearly illustrate how the water pressure and flow velocity 
varies with decreasing apertures. With regard to the streamlines, 
although the clusters of void spaces grow rapidly and become more 
dominant as the shear increases, the narrow bands of contact, resulting 
from the asperity damage and gouge formation, span almost the entire 
width of the fracture at the inlet boundary. The contacts from gouge 
production block most of the inlet areas and lead to a significant chan-
neling flow, mainly concentrated on one side of the fracture (Fig. 12). At 
the shear displacement of 1 mm, the tortuosity of the streamlines is not 
significant, however, with the shear advances, contact areas increases 
and more asperity degradation accumulates over the entire fracture, 
blocking the fluid flow. As a result, the streamlines become more 
channeled with obvious tortuosity, indicating that the shear-induced 
degradation and gouge accumulation from asperities is the main cause 
of the deviations from linearity for the streamlines. 

4.4. Mechanism analysis on gouge distribution during shear 

Numerous experiments indicated that the shear induced dilation 
contributes to the increase of fracture permeability. However, from the 
test and simulation results (Fig. 7), it can be seen that the fracture 
permeability is affected not only by the dilation but also by the distri-
bution of gouge materials resulting from asperities degradation. As the 
shear advances, the resulting gouge accumulation offsets the fracture 
dilation and block flow pathways through the fracture, causing the flow 
from dispersion to preferential flow. Actually, the gouge distribution 
during the shear is complicated and it mainly depends on the properties 
of rock. Research shows that, the clay-rich surface asperities are easily 
crushed into smaller particles, which filled the troughs and blocked the 
flow paths during the shearing. Conversely, the brittle-type surface as-
perities composed of hard materials is difficult to reduce to small par-
ticles; the climbing and supporting of asperities cause the dilation and 
increase the fracture permeability.25 Besides, Gill. et al.49 indicates that 
the microfabric variation of rock surfaces has a significant impact on 
gouge formation. The disparate lithologies interact during shear could 
cause thin layers of weaker material fail and distort the fracture surface, 
leading to the complicate characterization of gouge distribution. Thus, it 
can be therefore inferred that the model proposed in this study, based on 
the assumption that the gouge materials were distributed equally 
around the degradation zones, can be applied to the rock with same li-
thologies, but not to the ones with heterogeneous mineral compositions 
and any material property difference between regions of the rock. Be-
sides, the properties of surface asperities are likely to be weakend by the 
long-term fluid infiltration or chemical effects or high 

Fig. 12. (continued). 
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temperature-induced damage. Also, the small particles from asperities 
damage may be washed away by the fluid flow and affect the aperture 
changes during the shear. These factors should be investigated in the 
further study. It is important in many subsurface engineering endeavors 
to understand the variation in gouge formation during fracture shearing 
and describe the fracture permeabilities, and how this affects the flow 
and heat transfer in geothermal exploitation, and CO2 or nuclear waste 
solute migration during the storage. 

5. Conclusion 

This work aims to evaluate the influence of asperity degradation and 
gouge formation on flow behavior in rough rock fractures during shear. 
The shear-induced changes in fracture geometries and permeability 
were characterized by conducting shear-flow tests on a cylindrical 
fractured sandstone sample incorporating the 3D scanning measure-
ments. A simplified modeling algorithm was proposed to characterize 
geometry changes during shear, allowing the analysis of the links be-
tween the evolution of fracture geometries and flow behaviors during 
shearing, through using the N–S (Navier-Stokes) flow simulations. 
Simulations of the shear-affected asperity degradation and the perme-
ability changes were compared with those measured from the laboratory 
tests, main conclusions of the research are the following:  

1) The change of fracture permeability during shearing is closely 
related to geometries evolution. The measured permeability in-
creases significantly with shear dilation at the early stage of shearing, 
and then decreases gradually when the shear enters the residual 
stage, mainly due to the crushing and rolling of surface asperities 
that produces gouge material and blocks the flow paths. These evo-
lution of tested normalzied fracture permeability during shearing is 
in good agreement with that of the modeling, indicating that the 
proposed modeling algorithm and N–S flow modeling in 3D fractures 
are capable of accounting for the actual evolution of the fracture 
permeability during shearing that are affected not only by fracture 
dilation but also the shear induced asperity degradation and gouge 
distribution  

2) The shear-induced asperity degradation and gouge formation, 
ascribed to the reduction and increase of asperities heights, respec-
tively, are observed well through the test measurement and these can 
be quantificationally characterized by using the simplified modeling 
algorithm. The modelled asperities damage and gouge distribution in 
the sheared fracture correlates well with that of test measurements. 
The contact zones undergo a reorganization during shearing, accu-
mulating in areas where higher-order asperities abut on the opposing 
fracture walls. As gouge materials begin to clog the fracture, the 
extent of the contact zones grows rapidly and spans almost the entire 
width of the sandstone fracture by the end of the shear step. The 
increasing trend of normal dilation with shear displacement in rough 
fracture correlated well the variation of mean aperture, but it cannot 
be used as an indicator to describe the decrease of permeability at 
larger shear displacement. 

3) The flow capacity in real 3D fractures under different shear dis-
placements can be described well by using full N–S equations. This 
provides a reasonable basis for the flow characteristics representa-
tion within shearing rock fractures, including the distribution of 
velocities, streamlines, inner water pressure, which cannot be easily 
observed in tests. The streamlines from within larger voids and 
become more channeled with observable tortuosity under increasing 
shear displacements, largely controlled by the location of contacts 
that span almost the entire width of the fracture and impedes flow, to 
transmit the fluid flow from the dispersion at the early stage of 
shearing to an apparent channeling of flow along the narrows side of 
the fracture at the later shearing stages. The increase in heteroge-
neous distribution of contact within the rock fracture causes the non- 
uniform distribution of water pressure, which may significantly 

affect the shear slip behaviors of sheared rough fracture due to water 
injection. 

Key Points  

● A simplified modeling algorithm is proposed to quantitatively 
characterize the asperity degradation and gouge accumulation dur-
ing shear.  

● Effect of asperity degradation and gouge formation on flow behavior 
in real 3D fractures during shear was evaluated by using N–S flow 
simulations.  

● Modeling of changes in geometries and permeability of rock fractures 
during the shear correlated well with that of test measurements. 
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