
Research Article
Experimental Study on Grouting and Flow Characteristics of
Rough Vertical Fractures

Zheng Li ,1 Jie Liu ,1,2,3 Qian Shi,1 Kun Mao ,1 Zhao Li ,1 Hongyu Tang,4

and Tianlong Wang 1

1College of Civil Engineering & Architecture, China Three Gorges University, Yichang 443002, China
2Key Laboratory of Geological Hazards on Three Gorges Reservoir Area, Ministry of Education, Yichang 443002, China
3Hubei Key Laboratory of Disaster Prevention and Mitigation, Yichang 443002, China
4Chengdu Xingrong Environment Co. Ltd., Chengdu 610041, China

Correspondence should be addressed to Jie Liu; liujiea@126.com

Received 24 September 2021; Revised 27 June 2022; Accepted 23 July 2022; Published 30 August 2022

Academic Editor: Qingquan Liu

Copyright © 2022 Zheng Li et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

It is of great engineering significance to study the seepage characteristics and flow field distribution of rough fractured rock masses
for grouting to stop leakage. Through the visual fracture seepage test device we developed, the visual seepage characteristics of
tension fractures under vertical angles and different stress paths of grout and water were studied. Through silica gel secondary
mould turning technology, the fracture morphology is accurately reprinted; based on GIS simulation technology, the
visualization of the fracture surface spatial data is realized; the actual seepage area and flow path of the fluid are measured
accurately by using digital image self-recognition technology, and the variation law of the grout and water seepage area under
the coupling of normal stress and water pressure is obtained. Through visualization, it is pointed out that, with the increase of
normal stress, the fracture water can be divided into three stages, archipelago flow, transition flow, and groove flow, while the
grout has no capillary permeability and no archipelago flow effect because of its high viscosity. The critical point of grout
antiseepage is defined and calibrated by data. Based on the analysis of the cross-sectional velocity of the groove flow, it is
pointed out that the relationship between the velocity on the flow path and JRC is an exponential function. The main flow
path is mainly distributed in the area where the JRC is relatively small. As the normal stress increases, the first deflection point
of the grout flow path appears in the maximum region of JRC (6.42); the secondary deflection point appears in the second
largest region of the flow path JRC (4.53), and the fluid of deflection point has the maximum kinetic energy on the main flow
path. The current study can accurately obtain the relevant parameters of vertical fracture grouting seepage characteristics and
provide theoretical guidance for solving the key scientific problems in grouting engineering, such as invisible flow paths and
unmeasurable velocity vectors.

1. Introduction

Under long-term geological action, there are various rough-
ness joints in rock mass, which are the main channels of
fluid flow in rock mass and play a major role in controlling
groundwater flow and migration of oil, gas, and mineral par-
ticles [1, 2]. The analysis of joint seepage is one of the hot
issues in the field of rock mass seepage in recent years.

The study of cubic law extends from a smooth parallel
plate model to rough fracture. On the basis of a large num-

ber of flow experiments, the cubic law of single fracture
seepage is obtained [3–5]. However, there are few smooth
fractures in nature, and most of them are rough fractures,
which limits the applicability of the cubic law. To solve this
problem, the influence of roughness is considered in many
aspects, and the roughness coefficient is introduced to cor-
rect it in the cubic law [6, 7]. The Forchheimer equation
can accurately describe the characteristics of nonlinear seep-
age flow [8]. In addition, the Navier–Stokes equations can
also describe the flow law of fluids [9, 10].
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The stresses have an effect on the seepage state of fractures
by changing the aperture of the fracture. Because natural frac-
tures have a limited extension length, the fracture surface is
uneven, and there may be fillers, coupled with the influence
of hydraulic gradients and environmental stress, leading that
the real seepage law in rock mass fractures is very complex
[11, 12]. On the effect of stress, Zhao et al. [13] proposed the
effective stress permeability model of rough single crack, and
the effective stress permeability coefficient of rough single
crack is less than one. Lee and Cho [14] analyzed the hydraulic
characteristics of rough fractures under the shear load. Zhou
et al. [15] studied the permeability variation of rough single
fracture under dynamic and static loads. The effect of stress
on seepage characteristics of fractures is mainly reflected by
changing the fracture aperture, so it is also necessary to con-
sider the influence of fracture deformation caused by sur-
rounding rock stress. Ma et al. [16] established an improved
seepage model based on fractal dimension to predict perme-
ability evolution by compression seepage test. Zhou et al.
[17] studied the nonlinear flow characteristics of rough frac-
tures at low Reynolds number under different stress states.
Some studies show that aperture roughness increases three
times when the normal stress increases to 50MPa [18]. Chen
et al. [19] adopted 3D rough rock fracture model to conduct
seepage tests under different confining pressures, which
showed the streamline becomes more tortuous and the critical
Reynolds number increases under high stress. The relation-
ship between the flow rate and fracture surface roughness
under different normal stresses is also studied [20, 21].

The influence on the seepage characteristics can be attrib-
uted to two factors: the one is contact area, and the other is
the tortuosity effect of the joint surface. A reduction of fracture
aperture will lead to the closure of some fracture channels; the
variation in the fracture aperture of joint surfaces with different
roughness is not unique under the action of stress, and the aper-
ture distribution of the fracture surface is quite different, which
leads to an increase in the fracture surface contact area and the
closure of a large number of seepage channels [22, 23]. The frac-
tures with large roughness and slip degree have large seepage
zone, and the residual aperture is large under low stress state.
The shear displacement has no effect on the aperture size distri-
bution of unmatched fractures [24, 25]. Sheng et al. [26] pro-
posed a method to calculate the tortuosity index of fractal
secondary fractures and described the fractal distribution of
the aperture degree of secondary fractures. Some studies indi-
cate that the standard deviation of apertures and tortuosity
increase with JRC increasing [27]. In the study of the tortuous
effect of rough fracture seepage, the variation of seepage flow
diameter and cross-sectional area caused by the roughness of
the joint plane and the uneven distribution of aperture width
and the tortuous effect of seepage caused by contact between
joints are studied [28]. Murata and Saito [29] analyzed the rela-
tionship between the tortuosity effect of joint seepage and frac-
tal parameters and the contact area ratio by means of numerical
experiments and laboratory tests. The evolution of natural frac-
ture contact area during shearing shows that the change of con-
tact area is directly related to the damage of microconvex body
[30]. Xiong et al. [31] conducted a quantitative analysis of the
tortuous degree of the flow channel.

In the previous seepage model experiment, because the
concealment of the model medium is invisible, the specific
seepage process, diffusion law, and occurrence state of the
fluid in the fracture cannot be directly observed. Compared
with the traditional research, the emergence of 3D printing
technology provides important technical support for the
establishment of real rock fracture channel model and can be
used to analyze the seepage flow law in fractures [32]. Suzuki
et al. [33] made smooth fracture network samples with ran-
dom distribution of fracture length and inclination angle using
3D printing technology. Some researchers proposed to use
acoustic emission to detect the structural shape of fractures
and CT imaging to reconstruct the fracture network model,
but it has some limitations and cannot observe the flow of
fluid in fractures. The others proposed the method of X-ray
image digital radiography to observe the flow of fluid in the
fracture [34, 35]. In addition, some researchers used NMRI
technology to observe fluid flow in fractures or to explore
the flow pattern of fluid by analyzing more than 300 SEM
images [36–39]. Although these methods have some visual
effects, they are expensive and have some limitations. More-
over, there are still some difficulties in accurately describing
the flow process in rough fractures [40, 41].

Due to the characteristics of fuzziness, concealment,
randomness, and complexity of grouting engineering, there
is insufficient understanding of grouting diffusion and pre-
dictive control, and the grouting theory lags behind the
engineering practice. It is necessary to study the diffusion
law of grout (seepage area, seepage velocity, and seepage
path) in the process of grouting, which can provide refer-
ence for the design and construction of grouting engineer-
ing and promote the scientific, controllable, and fine
grouting technology. In this paper, through the accurate
reprinting technique of silica gel secondary mould turning,
the morphology of natural rock fractures are accurately rep-
licated. Using the visual seepage test device, combined with
digital image self-recognition technology and GIS three-
dimensional image drawing of fracture surfaces, the effects
of tensile vertical fracture roughness, water pressure and
normal stress on the seepage path, seepage area, seepage
velocity, and other parameters are studied, which provides
a theoretical basis for the disaster control of water inrush
and mud inrush in the project.

2. Materials and Methods

2.1. Test Scheme of Fracture Seepage. The existing tunnel
engineering and underground engineering construction pro-
cess are unloading construction process, and the seepage
phenomenon in multiple spatial angles exists in rock frac-
tures. Therefore, this study adopts unloading test scheme
with normal stress ranging from 0.6 to 0.1MPa and water
pressure increasing from 0.1 to 0.6MPa and selects fracture
angle of 90° to carry out the test, as shown in Table 1. The
variation of seepage velocity, seepage area, and seepage path
width under the influence of different normal stress and
water pressure is studied. The test process is shown in
Figure 1.
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2.2. The Production of Visual Fracture Model

2.2.1. Specimen Preparations. The cubic rock sample is
selected from the sandstone in the water-level-fluctuation
zone of Zigui County in the Three Gorges Reservoir area.
The particle size of detrital material in the rock ranges from
0.1mm to 0.3mm, and the particle size of sand is mainly
0.15mm to 0.2mm, belonging to medium-fine sandstone.
Using calcium oxide and calcium sulfoaluminate as the
expansion components of the composite expansion agent,
v-shaped groove depth of 3~5 cm, groove width of 5 cm,
and groove bottom shoulder-oriented perpendicular to the
ground facilitate the crack through. The surface was bonded

with epoxy resin AB glue, and two fractures were obtained to
completely coincide with rock sample A and B. Then, the
sample was cut into cuboids with a size of 200mm × 200
mm × 50mm by a rock-cutting machine.

2.2.2. The Proposal of Accurate Reprinting Technology for
Silica Gel Secondary Remoulding. The K39 resin material
easily bonds with the rock interface, which leads to the
inability to remove the rock surface, while the silica gel tex-
ture is relatively soft and does not bond with the natural rock
and the K39 resin, which can clearly depict the grains of the
rock fracture surface. Firstly, silica gel is poured into the ten-
sioned rock fracture surface to reproduce the rock fracture

Table 1: Test design of sample loading.

(σf , σs)
Water pressure σs (MPa)

0.1 0.2 0.3 0.4 0.5 0.6

Normal stress σf (MPa)

0.6 (0.6,0.1) (0.6,0.2) (0.6,0.3) (0.6,0.4) (0.6,0.5) (0.6,0.6)

0.5 (0.5,0.1) (0.5,0.2) (0.5,0.3) (0.5,0.4) (0.5,0.5) (0.5,0.6)

0.4 (0.4,0.1) (0.4,0.2) (0.4,0.3) (0.4,0.4) (0.4,0.5) (0.4,0.6)

0.3 (0.3,0.1) (0.3,0.2) (0.3,0.3) (0.3,0.4) (0.3,0.5) (0.3,0.6)

0.2 (0.2,0.1) (0.2,0.2) (0.2,0.3) (0.2,0.4) (0.2,0.5) (0.2,0.6)

0.1 (0.1,0.1) (0.1,0.2) (0.1,0.3) (0.1,0.4) (0.1,0.5) (0.1,0.6)

Yes

Yes

No

No

Normal stress: 𝜎f = 0.6 MPa
Inclination: 𝜃 = 90°
Water pressure: 𝜎s = 0.1 MPa

Seepage pressure in
increased by 0.1 MPa

Constant normal stress,
change seepage

pressure didifference

Recorded
data

Recorded data

Water pressure: 𝜎s < 0.6 MPa

Normal stress: 𝜎f > 0.1 MPa

Normal stress was
reduced by 0.1 MPa

Completed test

Visualization seepage test of
fracture

Figure 1: Flow chart of test process.
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morphology. The resin material is then poured into the sur-
face of silica gel engraved with rock fracture morphology.
After the K39 transparent resin material is fully hardened,
the fracture morphology (Figure 2) corresponding to rock
sample A (or rock sample B) is accurately reproduced on
the resin material after it has been fully hardened at room
temperature for 2 to 3 days. To ensure that the deformation
modulus of the K39 transparent rock material is consistent
with that of the raw rock, the K39 transparent resin material
is prepared with reference to an average elastic modulus of
0.67GPa of natural rock: accelerator content of 0.8%, hard-
ener content of 0.6%, and defoamer content of 0.6%.

2.3. Experimental Device. As show in Figure 3, the fracture
visualization seepage device is mainly composed of four
parts: seepage device, angle adjustment device, data moni-
toring equipment, and loading device. K39 transparent resin
has the advantages of good fluidity, high transparency, and
good hardness after curing. While accurately reproducing
the roughness of rock fractures, it can also achieve the visu-
alized effect and accurately measure the seepage area and
path from the microscopic perspective under the coupling
of multiple factors such as the multiangle water gravity effect
in the space of water pressure and normal stress pressure.
The function of seepage flow and other related parameters
provides the basis for accurately obtaining the related
parameters of rock seepage characteristics.

Apply normal stress to rock fractures by pressurized air
cushion and reaction frame. The pressurized air cushion
exerts normal stress on the bottom of rock sample through
balloon expansion, and at the same time, the air cushion also
plays a role of homogenizing the stress on the bottom of
rock sample. The reverse force of the upper counter force
frame is applied to the transparent acrylic plate, and the
acrylic plate can play the role of homogenizing the force
on the upper and lower rock samples, so as to ensure the
uniform load on the surface of the upper and lower rock
samples. The grout with water cement ratio of 2 : 1 flows into
the fracture from the left water injection chamber.

2.4. Arc GIS 3D Image Drawing of Fracture Surface. The
technology of GIS can be used for storing and processing
by scanning, measurement, and numerical expression to
obtain spatial data and generate a variety of new spatial
information according to the measured data to realize the
visualization of spatial data. The data were obtained by 3D
scanning and imported into GIS software. The TIN is estab-
lished from vector data, and the three-dimensional map of
rock fracture surface is obtained by TIN to DEM, as shown
in Figure 4. Furthermore, the fracture surface roughness
can be clearly observed by enhanced tensile treatment.

2.5. Calculation of Seepage Area. As shown in Figure 5, the
experimental image (a) is processed with black and white
highlights to obtain image (b), which is then superimposed
by the solid colour layer to obtain image (c). In image (c),
the black area is the fracture water-invaded wet area, and the
red area is the dry area of no water-invaded area. The image
resolution is checked in the Image software, the total number

of pixels in the fracture water area is extracted, and the actual
horizontal seepage area A (unit: cm2) is calculated by

A = P

R2 × 2:542, ð1Þ

where P is the pixels and R (unit: ppi) is the resolution.

3. Variation in the Seepage Area of Fracture
Water and Grout under Different Stress
Paths Based on Visualization

3.1. The Relationship between Seepage Area S-Water Pressure
σs-Normal Stress σf . The seepage area distribution under
different water pressures is shown in Figure 6:

The seepage area of water and grout under different stress
paths is calculated by a digital image area self-recognition
technique. Figure 7 shows the relationship among the actual
seepage area, water pressure, and the normal stress of fracture
water and grout under different stress paths.

Silica gel

Rock sample A 

Identical fracture profile

K39 rock
transparent resin

Silica gel

K39 transpant resin 

Rock sample B 

(a) Silica gel remoulding (b) Fine reproduction

(c) K39 transparent resin
secondary mould turning

(d) K39 visual rock
sample

Figure 2: Accurate reprinting of original rock grain by silica gel
remoulding.

Figure 3: Diagram of the visual test device for fracture seepage.
Picture of the experimental device. 1, test framework; 2, high-
speed camera; 3, high-pressure pipe; 4, gas cylinder; 5, antiforce
frame; 6, transparent resin; 7, motor test pump; 8, pressurized air
cushion; 9, angle-adjusting instrument; 10, flow meter.
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According to the fitting data, when the normal stress is
constant, the seepage area increases linearly with the water
pressure.

Aij1 = k1σs1 + a1, ð2Þ

Aij2 = k2σs2 + a2: ð3Þ
In the formula, i represents the i-th normal stress; j rep-

resents the j-th water pressure; Aij represents the horizontal
projected diffusion area (cm2) of fracture water seepage; σs is
water pressure (MPa); k is the influence rate of water pres-
sure on seepage area, and a is the seepage area (cm2) affected
by gravity under the condition of no water pressure.

3.2. The Relationship between the Influence Rate of Seepage
Area k and the Normal Stress σf . According to the slope of

the horizontal projection diffusion area curve of water pres-
sure and fracture seepage in Figure 7, the relationship
between normal stress and the curve slope is established,
which characterizes the coupling relationship between nor-
mal stress and the water pressure of water and grout, respec-
tively, as shown in Figure 8.

With normal stress increasing, the influence rate of the
seepage area decreases gradually. The λ1 is defined as the
influence rate of k1 of the seepage area of fracture water
and the slope of the normal stress relation curve, λ2 is the
influence rate k2 of the seepage area of the grout and the
slope of the normal stress curve, and the relationship is as
follows:

(1) There is a linear decreasing relationship between the
influence rate k1 of the seepage area and the normal
stress of the fracture water.

8.623 – 10.51

6.736 – 8.623

4.849 – 6.736

2.962 – 4.849

1.075 – 2.962

–0.813 – 1.075

–2.7 – –0.813

–4.587 – –2.7

–6.474 – –4.587

–8.361 – –6.474

–10.248 – –8.361

–12.135 – –10.248

–14.023 – –12.135

Altitude

Figure 4: Three-dimensional map of rock surface.

(b) Black and white
highlight processing

(c) Mixed processing(a) Original image

Figure 5: Image processing.

0.1 MPa 0.3 MPa 0.5 MPa

Fracture water:

Grout:

Water pressure 𝜎s (MPa):

Figure 6: Black-and-white highlighted binary image.
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k1 = −5:65σf + 28:92, R2 = 0:913 ð4Þ

(2) There is a power function decreasing relationship
between the influence rate k2 of the seepage area
and the normal stress.

k2 = 20:06 ⋅ σf
−0:13, R2 = 0:896 ð5Þ

By substituting Formula (6) into Formula (2) and For-
mula (7) into Formula (3), the variation formulas of the
seepage area of fracture water and grout under the coupling
action of σf and σs are obtained as follows:
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Figure 7: Relationship between seepage area and water pressure and normal stress.
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Aij1 = −5:65σf + 28:92
� �

σs + a1, ð6Þ

Aij2 = 20:06σf
−0:13� �

σs + a2: ð7Þ

3.3. Definition and Calibration of the Critical Point of the
Imperviousness of Grout. To accurately locate the relation-
ship between normal stress and grout antiseepage, the criti-
cal point of each section is calibrated, and an objective
calibration method is proposed to determine the critical
point. The tangents at normal stresses of 0.1MPa and
0.6MPa are drawn, and the coordinates of the critical points

are determined according to the intersection of the two tan-
gent equations, as shown in Figure 9.

Tangent equation under normal stress of 0.1MPa is

k − kσ f1
= λ2 ⋅ b ⋅ σf1

b−1 σf − σf1

� �
: ð8Þ

Tangent equation under normal stress of 0.6MPa is

k − kσ f6
= λ2 ⋅ b ⋅ σf6

b−1 σf − σf6

� �
: ð9Þ
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Data point connection line

Data point connection line

The tangent

Efficient seepage
control area

Low efficiency seepage
control area

k1 = –5.65𝜎f + 28.92
Fitting curve

k2 = 20.06𝜎f –0.13

Fitting curve

Fracture water
Grout

Fitting results (Fracture water)
Fitting results (Grout)

Figure 9: Relationship between the influence rate of the seepage area and normal stress.

Trench flow
0.6 MPa

Transitional flow
0.4 MPa

Archipelago flow
0.2 MPaNormal stress

(MPa)

Figure 10: Flow state change under different normal stresses.

0.6 MPa

Grout

0.2 MPa 0.4 MPaNormal stress
(MPa)

Figure 11: Grout flow path diagram.
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Then, the point of intersection (σf , kij) of the two tan-
gent equations is as follows.

σf =
λ2 ⋅ bσf1

b − λ2 ⋅ bσf6
b − kσ f1

+ kσ f6

λ2 ⋅ bσf1
b‐1 − λ2 ⋅ bσf6

b‐1 ,

k =
kσ f1

σf6
b‐1‐kσ f6

σf1
b−1 + λ2 ⋅ bσf1

b−1σf6
b − λ2 ⋅ bσf1

bσf6
b‐1

σf6
b−1‐σf1

b−1 :

8>>>>><
>>>>>:

ð10Þ

The solution is as follows:

σf = 0:208,
k = 23:257:

ð11Þ

The relationship between the influence rate of the seepage
area and normal stress under unit water pressure is as follows:
the left side of the critical point (0~0.208MPa) is the scope
where the influence rate of seepage area changes with the high
speed of normal stress, and the change on the right side
(0.208~0.6MPa) is slow. That is, when σf < 0:208MPa, the
fracture surface has fewer contact points and less contact stiff-
ness, so the fracture closes quickly. The effect of preventing
seepage is obvious, and the efficiency is high, which is defined
as a high-efficiency preventing seepage area; when σf > 0:208
MPa, the contact points increase, the contact stiffness
increases, the fracture closing speed slows down, and the nat-
ural flow capacity of the fracture decreases gradually. The
influence rate of the seepage area changes slowly, and the effect
of preventing seepage is not obvious, which makes it a low-
efficiency preventing seepage area.

Therefore, the above method can guide the construction
of the seepage control scheme to reduce the migration of
fracture fluid in antiseepage applications such as nuclear
waste and water conservancy projects.

3.4. Distribution Law of Fracture Water Seepage Area S.
When the normal stress increases, the seepage area and
equivalent aperture change, as shown in Figure 10. In the

initial stage, the normal stress is relatively small, the fracture
surface is in point contact, and the flow state is similar to the
archipelago flow distribution. In the transitional flow stage,
the change rate is the largest, the contact area of the fracture
surface increases gradually, a large number of seepage chan-
nels are closed, and the seepage area decreases. When the
normal stress is greater than 0.4MPa, the width of the flow
path decreases, there are only one or two mainstream paths,
the flow path is groove flow, and the influence rate of normal
stress on the seepage area decreases.

3.5. Distribution Law of Grout Seepage Area S. A high-speed
camera was used to record the evolution process of flow path
with the increase of normal stress. The video was divided
into frames, and the images before and after the flow path
deflecting were overlapped to analyze the evolution law of
flow path trajectory.

3.5.1. Variation of Flow Path Distribution. The flow path of
fracture water changes from multiple to one, while the flow

4.25

6.42

3.667

3.392

3.061

2.269

Dominant
path flow

area

Figure 12: Rock surface scan image and JRC value.

A

The JRC of
the flow path
under normal
stress 0.2 MPa
is 4.26

The JRC of flow 
path under normal 
stress 0.4 MPa is 3.47

The JRC of the
turning point of the
flow path is 6.42

Figure 13: Superposition of the flow path diagram normal stress
between 0.4MPa and 0.6MPa.

B

The JRC of 
flow path under 
normal stress 
0.4 MPa is 3.47

The JRC of flow 
path under normal 
stress 0.6 MPa is 2.55

The JRC of the
turning point of the
flow path is 4.53

Figure 14: Superposition of the flow path diagram under normal
stress between 0.4MPa and 0.6MPa.
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path of grout is relatively single, and there is no archipelago
effect. Because of the small size of water molecules, the cap-
illary effect can be formed in the capillary channel in the
fracture, and there is a small seepage channel, which is also
the reason for the formation of the archipelago flow effect.

Due to the viscosity coefficient of the grout is larger than
that of water, a filtration effect will be formed near the origi-
nally closed channel to block the capillary channel. Therefore,
as shown in Figure 11, the main flow path is the main seepage
channel in the process of grout flow.

3.5.2. JRC Value Calculation. The joint roughness coefficient
(JRC) is used to characterize the fracture flow path rough-
ness, and the empirical formula proposed by Tse is used to
calculate the fracture JRC value:

Z2 =
1

M Δxð Þ2 〠
M

i=1
Zi+1 − Zið Þ2

" #1/2

, ð12Þ

JRC = 32:2 + 32:47lgZ2, ð13Þ
where Z2 is the root mean square of the slope, Δx is the
distance between two adjacent sampling points, Zi+1 − Zi
is the height difference between two adjacent sampling
points in the Z direction, and M is the total number of
sampling intervals.

The 3D data of the cross-sectional area is extracted
through Arc GIS, and the JRC value on the flow path is cal-
culated, as shown in Figure 12:

3.5.3. Analysis of Flow Path Deflection. From the view of the
fracture surface roughness, as shown in Figure 13, when the
normal stress increases from 0.2MPa to 0.4MPa, through
the layer superposition, it is found that the grout flow path
begins to deflect in the A region where the flow path rough-
ness is the highest and where JRC is 6.42. As shown in
Figure 14, when the normal stress increases from 0.4MPa
to 0.6MPa, region B is on the flow path where the roughness
secondary point and JRC are 4.53. When the normal stress
increases, the fracture channels in regions A and B are closed
successively, and the grout cannot pass through this area,
which leads to the deflection of the flow path.

From the perspective of energy, through the flow path
velocity change in Chapter 4.2, we can see that, in region
A, where the flow velocity surges and the average growth
rate is 96%, the kinetic energy of the grout is the largest
and most prone to deflection.

3.6. Analysis of the Influence of the Change of Aperture on the
Change of Groove Flow Area

3.6.1. Three-Dimensional Image Superposition of Flow Path
and Fracture. By using the layer superposition method, the

Archipelago
flow formed by
capillary channels

Dominant
path

Archipelago
flow formed
capillary ch

Dominant
path

Figure 15: Superposition of the fracture water flow path and 3D diagram.

Rough rock fracture

𝜃1 𝜃2
d1

d1d2

d-Fracture aperture
𝜃-Fracture undulation angle
d2 < d1; 𝜃1 = 0°; 𝜃2 > 0

Figure 16: Schematic diagram of the change in rough fracture aperture.
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visual fracture water flow path map is superimposed with
the three-dimensional figure of the fracture surface, as
shown in Figure 15. By adjusting the transparency of the
fracture water, it can be seen that the dominant path flow
area is mainly distributed in the middle area with low fluctu-
ation in the three-dimensional map. The fracture water will
form the archipelago flow through the capillary channel, but
the grout does not exhibit this phenomenon.

3.6.2. Analysis of JRC and Aperture Variation. Ideally, the
two fracture surfaces can completely match, as shown in
Figure 16. In the process of vertical upwards translation d1
distance of the upper fracture surface, the change of aperture
of the fracture surface with an undulating inclination angle
of θ = 0 is d1, and for the inclined fracture θ > 0, the aperture
between the two fracture surfaces is d2, as shown in
Figure 16. According to the relationship of mathematical
geometry, d1 > d2. In theory, the aperture should be small
for places with higher fluctuations. In Figure 15, it can be
seen that the main seepage channel is distributed in the
range of low roughness.

As can be seen in Figure 17(b), the three profile curves
are plotted. The JRC for profile curve 1 is 10.41, for profile
2 is 3.84, and for profile 3 is 13.67. The absolute values of
HZ1 = 13:547, HZ2 = 4:492, and HZ3 = 15:63 and the slope
root mean square (RMS) are △Z1 = 0:213, △Z2 = 0:134,
and △Z3 = 0:269, respectively. Among them, the absolute
value of the root mean square and elevation of the 2-
section slope is the smallest, which corresponds to the area
of mainstream diameter, which confirms once again that
the aperture of the area with a large value of JRC is small.

Therefore, when the normal stress increases, the seepage
channel in the region with large roughness closes first. At the
same time, the seepage area of the fracture surface decreases,
and the main flow path shrinks with normal stress increasing.

4. Analysis of Cross Section Velocity of Groove
Flow Based on Digital Image Processing

The dynamic velocity of water has an important effect on
grout diffusion. The study of the flow velocity is of guiding
significance for grouting engineering.

4.1. Establishment of Instantaneous Velocity Formula of
Seepage. As shown in Figure 18, the t is the flow time from
the inlet to the outlet under the main seepage path. The A
(unit: cm2) is the seepage area; the Q2 (cm3/s) is flow rate

Visual seepage test of fracture

Self-recognition and analysis technology of
digital image in visual seepage test

Assuminng that the average aperture under the
same external force is eh

Average flow Q1 = Aeh (t)

Principle of flow
continuity: Q2 = Lx eh Vx (t)

At the same time, the seepage flow through
the rock sample is equivalent: Q1 = Q2

Vx (t) = A/Lx t

Formula of instantaneous
velocity of seepage

Figure 18: Flow chart of instantaneous velocity derivation.
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of the X section; the vxðtÞ (cm/s) is the flow velocity under
the X section and is a function of t; the L (cm) is the cross
section width of the X section.

The computing method of the cross section width L is as
follows.

(1) The image is divided into six equal parts and the five
cross sections are selected from the inlet

(2) The coordinates of the two ends of the seepage path
are obtained in the Image software information win-
dow, and then, the width of the cross section can be
obtained by subtracting the two transverse coordi-
nates (X coordinates)

4.2. Comparison of Seepage Velocity of Fracture Water and
Grout on Different Sections. According to the test results,
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Figure 19: Velocity relationship of each section under 0.1MPa water pressure.
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Figure 20: Velocity relationship of each section under 0.6MPa water pressure.
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the flow velocity of cross section is calculated by the formula,
which is shown in Figures 19 and 20.

As show in Figure 19, when the normal stress is 0.1MPa,
the flow velocity of fracture water and grout show obvious
stage characteristics in different sections. We divided it into
three regions, namely, I (1–2 sections), II (2–3 sections), and
III (3–6 sections). Among them, the area I is of the surge
zone; the area II is of the steep drop zone, and the area III
is the uniform descending zone.

(1) In the surge zone, because the width of flow path of sec-
tion 1 is the largest (200mm), the flow velocity is the
smallest. In section 2, the width of the flow path
decreases sharply, and the flow velocity increases sharply

(2) In the steep drop zone, the flow velocity decreases
rapidly. When the water pressure is 0.1MPa, the
decreasing ratio of fracture water velocity is 61.77%
and that of grout velocity is 58.72%. When the water
pressure is 0.6MPa, the decreasing ratio of water
velocity is 68.5% and that of grout velocity is

66.31%. Therefore, the decrease of flow velocity in
this area is the largest, and the required grouting
pressure is small

(3) In the uniform descending zone, the rate of fracture
water and grout decrease gently, and the head loss in
this zone is relatively small

4.3. Correspondence Analysis of Visual Flow Path Velocity
Change and JRC. In order to further intuitively express the
velocity distribution of water and grout in rock fractures,
the velocity of each section on the rock surface is shown in
Figure 21 when the normal stress is 0.1MPa and the water
pressure varies from 0.1MPa to 0.5MPa.

Figure 22 shows that the width of cross section 1 is equal
to the width of fracture surface w (200mm), and its velocity
(8.96 cm/s) is the smallest compared to all the sections, but
the seepage area of this section is the largest. The value of
JRC in the area of section 2 is the largest, and the width of
the cross section of the flow path decreases sharply. It can
be inferred from the formula of Figure 18 that the velocity

Water pressure 𝜎s (MPa):

Fracture water:

Grout:

0.1 MPa 0.3 MPa 0.5 MPa

Figure 21: Rates on the path of water and grout flow.
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Figure 22: Image section division and aperture acquisition.
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of this section is also the largest in the whole flow path.
Table 2 and Figure 23 show that the velocity increases with
increasing JRC because the aperture of the area with large
JRC value is small, the flow channel becomes narrow, and
the velocity v increases at the same flow rate. For grouting
in fractures with large roughness, the grouting velocity can
be increased by increasing the grouting pressure to resist
dynamic water velocity. For smoother fractures with the
same aperture, a good effect of preventing seepage can be
achieved by lower grouting pressure.

5. Conclusion

(1) Through the fracture visual seepage test device we
developed, the visual seepage characteristics of rough
fractures under vertical angles and different stress
paths of grout and fracture water are tested; the frac-
ture morphology is accurately reprinted by using sil-
icone secondary mould reetching technology. Based
on GIS simulation technology and longitudinal ten-
sile enhancement processing according to the mea-
sured data, the visualization of fracture surface
spatial data is realized

(2) Based on visual digital image self-recognition tech-
nology, the actual seepage area and flow diameter
of the fluid are finely measured, and there is a linear
relationship between the seepage area and the water
pressure. The influence rate k of the water pressure
on the seepage area decreases linearly with normal
stress increasing, while the grout shows a power
function relationship because of the larger viscosity
coefficient than water

(3) With normal stress increasing, the first deflection
point of the grout flow path appears in the maxi-
mum region of JRC (6.42). The secondary deflection
point appears in the secondary region of the flow
path JRC (4.53), and the deflection point is the point
of maximum kinetic energy on the flow path.
Because of its high viscosity, there is no capillary per-
meability; there is no archipelago effect, and the crit-
ical point of grout seepage is defined

(4) Based on the analysis of the cross-sectional velocity
of the groove flow based on digital image processing,
it is pointed out that the relationship between the
velocity on the flow path and JRC is an exponential
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234

Fracture water
Grout

JRC
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(c

m
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)

Fracture
water

Figure 23: Relationship between cross-sectional velocity and JRC.

Table 2: Velocity of water and grout in different JRC regions on the flow path.

Section serial number 1 2 3 4 5 6

Cross-sectional velocity v (cm/s)
Water 8.96 231.357 81.775 61.475 38.103 16.575

Grout 11.109 199.332 67.253 53.145 31.769 15.154

Cross-sectional area JRC 1.32 6.42 3.667 3.392 3.061 1.85
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function; the fracture aperture is larger in the area
with small roughness, and the main flow path is
mainly distributed in the area with small JRC. The
study of the cross-sectional velocity of the flow path
is of guiding significance for local energy loss, grout
diffusion, and the selection of reasonable grouting
pressure
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