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Abstract. Different from the conventional planar fracture and simplified Newton model, for power-law slurries with a lower
water-cement ratio commonly used in grouting engineering, flow model in geological rough fractures is built based on ten
standard profiles from Barton (1977) in this study. The numerical algorithm is validated by experimental results. The flow
mechanism, grout superiority, and water plugging of pseudo plastic slurry are revealed. The representations of hydraulic
grouting properties for JRCs are obtained. The results show that effective plugging is based on the mechanical mechanisms of
the fluctuant structural surface and higher viscosity at the middle of the fissure. The formulas of grouting parameters are always
variable with the roughness and shear movement, which play a key role in grouting. The roughness can only be neglected after
reaching a threshold. Grouting pressure increases with increasing roughness and has variable responses for different apertures
within standard profiles. The whole process can be divided into three stationary zones and three transition zones, and there is a
mutation region (10 < JRCs < 14) in smaller geological fractures. The fitting equations of different JRCs are obtained of power-
law models satisfying the condition of -2 < coefficient < 0. The effects of small apertures and moderate to larger roughness
(JRCs >10.8) on the permeability of surfaces cannot be underestimated. The determination of grouting parameters depends on
the slurry groutability in terms of its weakest link with discontinuous streamlines. For grouting water plugging, the water-cement
ratio, grouting pressure and grouting additives should be determined by combining the flow conditions and the apparent widths
of the main fracture and rough surface. This study provides a calculation method of grouting parameters for variable cement-

based slurries. And the findings can help for better understanding of fluid flow and diffusion in geological fractures.
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1. Introduction

Grouting technology has been widely used in
geotechnical construction projects, such as water plugging
in mining, seepage control in traffic engineering, and oil
recovery (He et al. 2012, Qian et al. 2018, Butron et al.
2010, Zhao and Zhou 2016, Shi ef al. 2018). The stability of
rock mass is seriously affected by the joints and fissures,
and geological fractures provide paths for the flow and
transport of water, and mud in rock mass (Dejam et al.
2016). Oil recovery from fractured reservoirs is more
dependent on natural geological fractures, artificial
fractures, and the strong Power-law characteristics of oil
flow (Dejam et al. 2018). Grouting can block flow paths
and change rock properties (Yin et al. 2018, Chang et al.
2018; Zuo et al. 2019). Grouting theory under complex
geological conditions has been investigated and optimized
to a certain degree, especially for grouting engineering with
high sealing requirements. In addition, the mechanism
should be deeply studied to analyze the grouting process
and guide project construction, considering the
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requirements of resource conservation, traffic development,
and preventing environmental deterioration. The influence
of fracture roughness and tortuosity on the prediction of
grout flow should also be investigated. Additionally,
attention should be paid to the rheological properties of
cement grout, the influence of fracture roughness and
tortuosity, and the corresponding influence on the
characteristics of grout flow (Xiao ef al. 2017, Dejam 2018,
2019).

The grouting mechanism is closely related to the slurry
rheological properties and geometric and mechanical
conditions of fractured rock (Gothall and Stille 2009, El
Tani 2012, Stromsvik et al. 2018). In the current literature,
the diffusion radius, grouting pressure, and flow rate are
estimated according to the assumption of smooth plane
fracture (Sui et al. 2015), but the grouting effect is often
unsatisfactory, such as slurry leakage from boreholes and
improper plugging. The main reason is that the geological
fractures in practical engineering are not smooth, but rough
surfaces with certain undulations and protrusions and are
also accompanied by shear movement and failure. In 1977,
the standard roughness profiles for rock mass were
proposed by Barton and Choubey (1977), and rough
structural planes have been found to be closely related to
rock strength (Liu et al. 2017). Fracture roughness also
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Fig. 1 Sketch of an engineering problem where the fracture roughness and hydraulic properties changed the slurry flow and

diffusion

plays an important role in water seepage, water inrush
disaster, and variable hydraulic properties (Koyama et al.
2008, Sharma et al. 2017, Huang et al. 2019). With the
development of computer simulation software, the
mechanism of fluid flow in rough fractures formed by rock
mass structural planes has been deeply studied by means of
other scanning techniques (Xie et al. 2015, Liu et al. 2017,
Wanniarachchi ef al. 2018). The undulating trend of rock
mass fractures has a greater impact on fluid flow. For
grouting slurry, the flow and diffusion are also affected by
the fracture walls, which affect the prediction of grouting
parameters (Mu et al. 2019). There are few studies on grout
diffusion characteristics under the characterization of
standard geological fracture roughness.

In addition, considering the influence of slurry flow
characteristics, some complex rheological models have
been developed from a single property. The time-varying
characteristics of a Newtonian body and the formula for
calculating the maximum diffusion radius of grouting have
been discussed (Zhang et al. 2017, Funehag and Gustafson
2008). Other types of grouting such as Bingham fluid have
also been carried out by the grouting mechanism. Cement
grouting exhibits Bingham fluid characteristics for cement-
based slurries with a water-cement ratio (W/C) from 0.7 to
1.0, and the flow-core effects can be predicted in the
grouting flow and diffusion (Amadei and Savage 2001).
However, in many cases, high water-cement ratio slurries
cannot have a good effect on water plugging Cui (2011).
The higher viscosity makes the grout of W/C 0.5 difficult to
diffuse in a rock facture. However, the slurry is often used
instead of the original slurry. Therefore, the flow
mechanism of low water-cement ratio slurry (power law
fluid) should be further studied and revealed in geological
fractures.

However, some rheological behavior and diffusion
properties of variable viscosity slurry, such as streamlines,

velocity, and viscosity in cross sections, cannot be captured
directly from experimental measurements. Numerical
simulations can be conducted and are used in many studies
for channels or fractures, and the studies faced no major
difficulties in simulating the flow (Niya and Selvadurai
2019, Sharma et al. 2017, Xie et al. 2015, Ozsun et al.
2013). Fig. 1 illustrates a simple schematic of the slurry
flow via a rough fracture between two upper and lower
matrix blocks. The numerical simulation results of the
slurry diffusion and flow in the field can be divided into
three parts, as shown in Fig. 1.

(1) Based on the fractured rock mass in the tunnel, the
grouting can be simplified to a 3D fracture model.

(2) Considering the monitoring difficulty of the 3D
roughness distribution in field construction, the main
fracture can be simplified to a 2D digital model to
determine the geometric parameters and aperture.

(3) Digitized fractures are introduced into the simulation
platform, the model can be established and calculated, and
grouting parameters in construction site can be revised by
using the calculated grout flow diffusion mechanism.
Otherwise, the standard roughness of the rock fracture
should be prefabricated in advance, and the hydraulic
characteristics and parameter distribution of grout can be
obtained. After comparison with the standard, the grouting
engineering construction can be corrected.

Recently, some studies on fluid flow have been
simulated by computational software based on a single
fracture (Javadi et al. 2010, Niya and Selvadurai 2017,
2019). However, there are few studies of power-law slurries
in rough fractures in grouting (Zhang 2013). El Tani (2012)
made a theoretical analysis of cement diffusion based on the
radial flow model in a planar fracture, obtained the
theoretical formula of cement (Bingham), and the North
American grouting method was reformulated in the field
based on the GIN model. Sui ef al. (2015) analyzed the
diffusion path of chemical slurry (Newton) and its water
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plugging effect in the laboratory with a simplified glass
planar model. Zhang et al. (2017) developed a calculation
method of variable viscosity slurry (Newton) based on the
planar model, and verified its accuracy of the calculation
considering the slurry properties by using the experiment.
From the studies, in the grouting field, the simple traditional
theory should not be directly applied, and the theories and
techniques should be developed for the grouting quality of
the major projects. Through the recent theoretical, field and
experimental results, it can be found that there are some
limitations in the current research: generally based on
planar or randomly constructed model assumptions. In
addition, the shear can change the mechanical and hydraulic
properties, and its effects cannot be carried out if based on
the conventional models. So, a model of rough fracture
should be established. Mu et al. (2019, 2020) verified the
effects of roughness and spatial distribution in grouting
engineering based on the slurry (Newton) properties
obtained from the random rough model. To better guide the
field engineering based on the theory, it is necessary to
analyze the slurry diffusion according to the geological
joints in engineering. Then, analysis of the hydraulic
properties (Power-law) is worth based on the conventional
roughness curves combined with numerical calculation,
which can provide an effective guide for engineering.

For building rough fracture models, characterization and
calculation methods of structural surface roughness have
also been thoroughly studied, which are based on 10
standard roughness profiles proposed by Barton (Bae ef al.
2011, Liu et al. 2017, 2019). It is more convenient to
estimate JRCs by comparing the standard roughness for
geological fractures. Considering grouting engineering,
rough fracture models are established based on Barton
standard structural planes using COMSOL™ Multiphysics
computational fluid dynamics in this paper. The flow and
diffusion of power-law grout with a low water-cement ratio
in fractures and the hydraulic properties are analyzed, and a
grouting parameter prediction model is established under
standard roughness and is of great significance for guiding a
grouting water shutoff project.

The organization for this research article is as follows.
First, the methodology is presented. Then the results of
diffusion-hydraulic properties in rough fractures were
introduced, followed by the discussion and limitation. The
summary and conclusions are finally highlighted.

2. Methodology
2.1 The rough fracture model and boundaries

Fluid always flows in the key control fracture in deep
rock mass, which is affected by the fracture properties, such
as wall bulge and undulation (Xiao ef al. 2017, Mu et al.
2019). The wall properties can be defined by the JRC.
According to the standard roughness profiles suggested by
Barton and Choubey (1977), the roughness value is between
0 and 20 for natural rock mass structures, and any other
roughness can be selected according to 10 standard
contours. The roughness model can be used not only to
calculate the strength of structural planes, but also to study

JRC=0.4 |
}7 1 JRC=0.4

|JRC=2.8

,
S JRC=2.8
jRe=88 e JRC=58 =
JRO=6.7

P%mwg—{ JRC=6.7

[JRC=9.5 1 ‘ JRC=0.5

:_‘BC 10.8 JRC=10.8 =

|JRC=12.8 !

JRC=14.5 .
}“\W JRC=145 .

I
JRC=18.7
JBESIT_ememm n

(a) The standard roughness profiles

JRC=12.8 (==

JRC=16.7 pomn

JRCEBT

(b) Digital images of ten standard fractures

Fig. 2 Ten standard fracture models

JRC=12.8 i e
i, PP i
e e ., s I’y (Impermeable)
[ (u=u) =

\

0 (Power-law fluid)
Length = 100 mm

(a) Boundaries .
Ly

K

Tin | ) Freely divide the refined mesh:
1 | A1 triangular mesh,

W T KR quadrilateral mesh
I L .

e — s

*47" (b) Finite element calculation

N

.
Fig. 3 The calculation boundaries of rough facture model

the mechanism of fluid diffusion in fractures (Koyama et al.
2008, Xie et al. 2015). A rough fracture model can be
established by the ten standard roughness profiles (standard
JRCs) to analyze the flow mechanism of power-law fluid.
Ten standard roughness profiles are used to copy digital
images by AutoCAD, of which there are no less than 400
copying points for each contour (Liu et al. 2017). Fracture
models of different widths can be obtained after the
specified translation distance occurs, as shown in Fig. 2. In
addition, shear models can be generated by moving the
lower fracture wall left.

For the model boundaries consisting of I'in Tout I'w, Tin 1S
at the left of the model with a constant flow rate (u=uc), Lou
is at the right of the model with a constant pressure (P=0),
and Ty represents the two walls of fractures that are
assumed to be impermeable and neglecting the seepage in
deep intact rock mass. The diffusion domain  is a fracture
of length 100 mm and width based on the standard JRCs.
The power-law fluid flow in the domain is limited to the
given boundaries. One expression of the simulation model
and boundaries is shown in Fig. 3. According to the
principle of finite elements, the rough fracture can be
divided into some triangular or quadrilateral elements, and
every element has six or eight DOF. Every mechanical
parameter (udx,y), pAx,y), and P4(x,y)) of the grout slurry
passes from the first force element to others.

2.2 Governing equations

Cement-based slurries with different water-cement
ratios (W/C) have variable hydraulic properties. Based on
previous research (Liu et al. 2018), a cement slurry with
W/C = 0.5 can be expressed as a power-law fluid v =my”",
where 7 is the shear stress, m is the power law coefficient,
and n is the power law index. The rheological curves and
fitting equations can be tested by a rheological experiment.



360 Wengiang Mu, Lianchong Li, Xige Liu, Liaoyuan Zhang, Zilin Zhang, Bo Huang and Yong Chen

140

WIC=0.5
= T=20C -
1201 1-30¢ o
qook: A T=40C o g
[ v T=50C . o2 En
g Y e
& | BT i
3 80 Gl
& A N
T 60r L st
;3 . — 1=09214y"%" R’-0.998
7 40r ;j;' - T=142789°% R'=0.994
20 -~ 1=20696 """ R*=0.990
[/ -- 1=281307" R’=0.996
0

' s L L L s
0 200 400 600 800 1000 1200

Shear rate/ s*

Testing grout viscosity

Fig. 4 Rheological equations for cement slurry with W/C
=0.5 (Liu et al. 2018)

In addition, the power law coefficient is a parameter related
to temperature, as shown in Fig. 4. The slurry rheological
parameters at room temperature (T=20°C) were selected as
the main object in this study.

According to a stress analysis of the fluid micro
elements, the equation of motion for the viscous fluid is
expressed by the Navier-Stokes equation. After the pressure
is introduced, the equation of motion and boundary
conditions of the viscous fluid in the model can be obtained
as follows:

pf%zpff—Vp+V‘r in Q
u=u,onT, (1)
P=0onrL,
u=0onT,

Based on the law of mass conservation, the continuity
equation of the viscous flow control body can be obtained
as follows:

Do,
Dt

+V-(p;us)=0 2

It is generally assumed that the slurry is an
incompressible fluid and that the density of the fluid is
constant. Thus, the continuity equation can be simplified as:

divu, =0 3)

According to Fig. 4, considering the conditions of the
simulation calculation, the rheological parameters of a
power-law fluid in a normal temperature environment are
selected for analysis: m = 0.92 and n = 0.66, and the
rheological equation can be illustrated by Eq. (4), where 2D
and ¥ can be expressed by Christopher (1994) as follows:
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Egs. (1)(3)- (5) are the governing equations of the slurry
flow in the rough fracture model, which is a complex set of
partial differential equations. Different models can be
established based on the research conditions and standard
roughness profiles, which can be illustrated as follows:
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3. Diffusion-hydraulic properties in rough fractures
3.1 Model verification

In order to verify the feasibility of using COMOL-CFD
model to calculate slurry diffusion, the results obtained
from Zhang (2017) experiment were compared and verified,
as shown in Fig. 5. In this experiment, the transparent glass
plate with grouting holes is used to form cracks, and the
pressure sensor is used to monitor the grouting pressure in
real time. The results of this experiment are shown in Fig.
5(a). The pressure variation curve of short-distance
diffusion at the initial stage of grouting is compared with
that calculated by COMSOL-CFD model. The variation
characteristics of grouting pressure at different viscosity are
also calculated under the same conditions. The comparison
results are shown in Fig. 5(b). It can be seen from the figure
that the calculated results of the model are basically
consistent with the experimental results, and the CFD
module can well reflect the hydraulic properties of slurry
diffusion in fractures.
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3.2 Pressure, velocity, and viscosity distributions

The digital standard roughness fracture model is
imported into COMSOL from AUTOCAD. The power law
slurry is calculated by the computational fluid module, and
the grout diffusion flow properties can be analyzed after
data processing. Based on the JRC and fracture aperture,
fifty analyzed units were built. The pressure, velocity, and
viscosity nephogram corresponding to fractures constructed
by typical JRCs (2.8, 12.8) and fracture apertures (1.0 mm,
2.0 mm) are shown in Fig. 6.

As shown in Fig. 6, the pressure, velocity, and viscosity
distributions are different for different JRCs and fracture
widths. For fractures with the same apparent width, an
increase in roughness leads to an increase in pressure; for
the same JRC, an increase in fracture width leads to a
decrease in pressure, which is also consistent with the
theoretical calculation results by Rafi and Stille (2015).
This type of grouting requires a high grouting pressure for

0.0 T T T T T
10 15
Shear rate

(c) Viscosity function of the slurry

green represents the curve of variable viscosity and others

diffusion in narrow and rougher fractures, which is the same
as previous analysis (Liu ef al. 2018). In addition, the
pressure gradient of a power-law fluid is distinctly
differentiated by the change in fracture strike pressure in a
specific rough fracture with increasing fracture width, and
the effect of the JRC becomes weaker. The maximum value
of viscosity generally occurs in the place where the wall is
smooth, and the relationship between velocity and viscosity
can be explained by the smaller change rate of velocity
leading to a larger value of viscosity in the adjacent region
after a zigzag. The viscosities of power-law fluids show
spatial distribution characteristics related to fractures in the
diffusion, which are affected by the fluctuation and
tortuosity of fracture walls. In addition, fractures with large
wall variation (greater roughness) require higher grouting
pressure. In large fractures, water plugging is more easily
realized for low water-cement ratios because of higher
viscosity

As shown in Fig. 7(a) and 7(b), the maximum viscosity
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Table 1 Pressure gradient calculation and comparison

Fracture width/ mm 0.5 1.0 1.5 20 25

Gradient in smooth fracture/ Pa/ mm -441.05-140.19-71.52 -44.63 -31.48

-472.63 -147.03 -73.87 -45.59 -31.76

-495.95 -152.41 -76.06 -46.65 -31.85

-506.93 -154.53 -77.29 -47.19 -32.28

-534.36-161.09 -79.59 -48.49 -33.13

Calculated gradient with different ~550.99-165.84 -81.84 -49.56-33.78

JRCs Pa/ mm -540.36 -163.40 -81.35 -49.49 -33.67

-528.72-163.57-81.52 -49.90 -33.99

-601.16 -183.07 -89.15 -53.93 -36.95

-604.11 -180.97 -89.36 -53.95 -36.73

-684.01 -202.00 -97.86 -59.04 -39.81

distribution occurs at the maximum velocity of slurry flow,
that is, the middle part of the fracture width. Under the
same roughness condition, the maximum rate does not
change obviously, but the viscosity increases with
increasing fracture width. The viscosity of the low water-
cement ratio slurry (pseudo plastic fluid) is the highest in
the middle of the fracture, which is consistent with the
theoretical viscosity function of the slurry, as shown in Fig.
7(c), and the viscosity increases with decreasing shear rate.
When there is water flow in the fissure (grouting to block
seepage), the velocity of water in the middle of the fissure is
usually the largest. Thus, this is the reason that water is
always blocked by low water-cement ratio grout and then
filled with other types of slurry, such as chemical slurry,
which easily diffuses and flows in narrow fissures.

3.3 Response of JRCs for pressure gradient

Based on the results of COMSOL simulations, the
pressure distribution along the length can be obtained. The
gradient of pressure drop data can be fitted by the diffusion
radius, and the detailed calculated results are illustrated in
Table 1.

For the pressure gradient, to make the results more
obvious compared to a smooth fracture and eliminate the
defects of computing, the smooth models were calculated
for the same aperture using the governing equations. The
calculation results are compared using dimensionless values
as follows:

(6)

For a fracture with typical rough structural surface, the
pressure gradient growth rate (DV) can basically be divided
into three stationary zones by JRC ranges (JRCs < 5.8, 9.5
< JRCs < 12.8, 14.5 < JRCs < 16.7) and three transition
zones (5.8 < JRCs <9.5, 12.8 < JRCs < 14.5, JRCs >16.7).
However, as the fracture width decreases, the plateau will
be broken and changed, and a mutation domain will occur
in the second plateau (10.8, 12.8). When the fracture width
is less than 1.5 mm, increased catastrophe slopes will occur
in this region (|al1[>|a2[>|a3|), and as shown in Fig. 8, with
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decreasing fracture width, the classification is significantly
affected by the roughness.

For the JRCs proposed by Barton (1977) ranging from
10.8 to 12.8, there are large fluctuations in the 10 cm
length; however, the partial fracture wall is relatively
smooth, and the protrusion on the surface has a greater
impact on the pressure. As the fracture width decreases, the
wall bulge effect increases, resulting in a sudden change
zone when the influence value is smaller than other
roughness values. Therefore, the JRC effects on the
grouting pressure gradient correspond to the width, and the
smaller the gap width is, the worse the regularity. In
addition, as shown in Fig. 8, when the roughness is less
than 10.8, and the pressure gradient changes slightly with
increasing roughness. But it changes significantly when the
roughness is greater than 10.8. The effects of small
apertures and moderate to larger roughness (JRCs >10.8)
on the permeability of independent surfaces cannot be
underestimated.

3.4 Effects of shear displacement (SD)
Influenced by varying apertures caused by shear

displacement (SD), the slurry velocity in the fracture
increases, and it causes the viscosity deviation to increase.
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In the narrow part of the fracture, the velocity is larger,
but the viscosity is smaller. The slurry has high-viscosity
points in the middle parts of relatively smooth areas but
smaller in other zones. The shear movement causes a
sudden increase in the pressure value of high-roughness
fractures, which changes the original distribution.

As shown in Figs. 9 and 10, the maximum viscosity
distribution also occurs at the middle part of the fracture,
and the average viscosity is smaller. More accelerator
dosage should be added to lower W/C slurry to achieve a
better water plugging effect in the rougher fractures.

By analyzing the gradient increment caused by the
roughness after the shear displacement in a 1 mm fracture
(the lower joint profile shear moves 0.5 mm left), it can be
found that the shear does not change stationary zones, but

expands to a single floating stationary zone (JRCs < 16.7),
as shown in Fig. 11(a). Affected by shear displacement,
under high roughness conditions (JRCs > 16.7), the
pressure gradient increases significantly, in contrast, under
other medium and low JRC conditions (JRCs < 16.7), the
values fluctuate within a certain range.

After shear movement, as illustrated in Fig. 11, the
pressure gradient shows some changes in fissures with
different apertures. For a narrow fracture (b = 0.5 mm), at
medium and low JRCs, a trend of exponential growth
appears after stabilization, but the fitting degree of the
pressure gradient is approximately less than 90% or even
60% because of the cliff-like changes. For larger roughness
(JRCs > 10.8), the contact surfaces are generated to prevent
the diffusion of grout because of the wall fluctuation. The
effects of small apertures and moderate to larger roughness
(JRCs >10.8) are greater. The grouting pressure will
continue to increase before the first contact surface until the
fracture surface is jacked, damaged and split (Gothall and
Stille 2009), as shown in Figs. 11(a) and 11(b). Different
rough fractures have fluid blocking points at different
locations, such as for JRC = 12.8 at 35 mm, 14.6 at 50 mm,
16.7 at 51.5 mm and 18.7 at 23.4 mm, which cause pressure
mutation. For other fractures (b > 1.0 mm) with SD = 0.5
mm there are cliff-like changes instead of fluid blocking
points in whole roughness profiles with higher fitting
degrees.

For fissures with larger apertures, shear displacement
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will not lead to the occurrence of a contact surface but
rather a bottleneck under standard roughness. As shown in
Fig. 12(a), in a fracture with 1 mm width, a move
displacement of 0.5 mm makes the pressure greater than the
previous one. However, the pressure drop is linear except
for JRC = 18.7. The shear movement makes the fluid
diffusion change significantly or appears to reach a
singularity. The effect of roughness becomes more

important under SD than for aperture. Under high
roughness (JRC = 18.7), there is a cliff-like change area in
the pressure gradient, which reveals the sudden change in
pressure of the actual grouting on site, as shown in Fig.
12(b). According to the fracture geometry, the change area
is caused by the narrow zone (rock bottleneck) in the
fracture because of the shear movement of 0.5 mm, as
shown in Fig. 13.
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Numerical calculations indicate that the spread of grout
could be a mean value process reflecting the rheological
properties of grout but that depends on the penetrability in
terms of its weakest link. As shown in Fig. 13, there are
some discontinuities for streamlines with the same flow
density in this region, i.e., the fluid converges to a small
number of streamlines passing through a rock bottleneck
and the pressure increases greatly. In addition, the fluid
viscosity is very small, and the velocity will increase
abnormally. Because of the influence of shear movement,
there are different rock bottlenecks in the direction of
fracture diffusion. The response of different roughness and
fracture apertures to shear displacement are different, and
the responses of small apertures and higher JRCs are strong.
Grouting parameters are divided into several sections,
which are affected by crack bottlenecks and breakpoints due
to wall fluctuation and shear movement.

3.5 Best fit for standard JRCs

The slurry element in the center of a fissure can be
selected to analyze the stress state. In a position with a
grouting radius of r, the gradient of slurry velocity can be
expressed as follows (Zhang et al. 2017):

dv w

d—we=7(~]b) @)

Considering the assumption that the velocity of the
fracture wall is 0, the average slurry velocity in the grouted
zone can be expressed as:

o 1w, b,?
V=g O =y ) (®)

In practical grouting engineering, a simple formula is
usually used to calculate grouting pressure, which is related
to the average viscosity, average velocity and hydraulic
aperture (Zhang ef al. 2017). The pressure gradient can be
obtained based on Eq. (8) as follows:

J;.; =12(m,n)vb, ©)

To study the influence of roughness and apparent fissure
width on hydraulic parameters (hydraulic fracture width),
different models were calculated under a 0.1 m/s inlet
conditions. The fitting curves of the NSD and SD models
are shown in Fig. 14. When affected by roughness, the
fitting curves show a gentle difference distribution with
NSD but have a larger deviation for a JRC of 18.7 with SD.
According to the fitting curves shown in Fig. 14, the fitting
formula corresponding to the Barton-JRC can be obtained.

Ji;=a(b,)’ (10)

Under the conditions of NSD or SD in larger fractures,
the hydraulic aperture can be calculated with the
assumptions of average velocity and viscosity as follows:

b = JlZﬁ(m,n)V _ JlZﬁe(m,n)\Te

] a0 (11)

i

By eliminating model errors and substituting a smooth
fracture into the relationship between -calculated and
theoretical fracture width, the hydraulic aperture can be
obtained. For the smooth fracture model, the fitting
equation is as follows:

J, ; =140.290, "% =127, (12)

Thus, the assumed average viscosity and flow rate can
be expressed by the geometrical aperture as follows:

JiV =3.420.04 (13)

Based on Egs. (10) and (13), the best fit equations and
hydraulic aperture can be obtained under the conditions of
NSD and SD considering the average estimated parameters
(average aperture, m, and n) in grouting engineering, as
illustrated in Table 2.

Roughness and shear movement change the hydraulic
aperture. When designing the grouting parameters in
engineering, the grouting aperture in Table 2 should be used
for calculation, which also provides an effective method of
calculating hydraulic grouting aperture for various kinds of
slurry. As shown in Table 2 and Fig. 14, the influence of
standard roughness decreases with increasing fracture
width, which can be neglected after reaching a certain value
of 2.5 mm, but it plays a key role in narrow fractures. The
influence of roughness is limited by the fracture aperture
threshold. The grouting fluidity and groutability of the main
rock mass are jointly determined by the aperture and
roughness.

In view of the change of hydraulic radius caused by the
change of roughness in grouting, the deviation rates of
smooth plate cracks and different JRCs are compared, as
shown in Fig. 15. Under the same JRC condition, the
deviation rate decreases with the increase of the aperture of
the crack when the crack does not shear, while when the
roughness is less than 10, the deviation rate increases
obviously with the increase of the roughness; but when the
deviation rate is greater than 10, the deviation rate
fluctuates greatly, showing a multi-hump-like change. And
all fracture widths are smaller (negative growth). However,
the distribution of the deviation rate varies greatly after the
shear movement of the crack. The deviation rate increases
with the fracture width increasing after 3.0 mm when JRC
is smaller than 16. When the roughness is greater than 16,
there are positive and negative symmetrical distributions of
deviation rates with the centerline of 2.5 mm. The dual
effects of shear movement and roughness play an important
role in fracture permeability.

4. Case studies of water plugging

A power-law slurry has a larger viscosity and always
solidifies easily in the middle, as shown in Fig. 16(a). If the
slurry is first solidified in the middle, the lower water flow
velocity can also be affected by the rough fracture wall. The
high viscosity slurry ratio in the middle of the wall easily
blocks the flow, whereas the flow diffusing to the wall
changes the streamline under the action of the rough wall
(as shown in Fig. 16(b)); the effective fracture width of the
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main streamlines decreases, which more easily achieves
water plugging. It is easier to achieve a water plugging
effect by using this kind of slurry for grouting plugging.

Based on the above hydraulic characteristics of low
water-cement ratio grout in rough fractures, reducing the
water-cement ratio is critical to improving the stone rate,
the stability of the slurry and the stone strength; thus, the
water-cement ratio should be decreased as much as possible
under the conditions that injection is maintained and time is
allowed when grouting. Rapid condensation and water
plugging can easily be realized in short-distance and large-
width fractures. This mechanism also explains the
application principle of slurries with low water-cement
ratios in practical production.

Case 1: An underwater highway tunnel in China (Cui
2011)

The tunnel crosses rivers and takes measures to prevent
water gushing and landslides during construction, actively
carries out water exploration grouting and reinforces
surrounding rock, as shown in Fig. 17. A large amount of
water gushing occurred in the 7th hole of the second west
section of the tunnel approximately 2 hours after drilling.
According to the drilling data and the water output, there is
a water-bearing gravel and sediment layer at a depth of 40
m, with large fissures, good connectivity and large slurry
absorption in tunneling engineering.

In the initial stage, the slurry with a water-cement ratio
of 0.8~1:1 was used. However, in the process of grouting,
the conveying capacity of equipment was limited, the
pressure could not be increased for a long time, and water
plugging was not fully realized. Later, the slurry of
0.5~0.6:1 with high concentration sodium silicate was used
to increase the slurry concentration and shorten the gelling
time, and intermittent grouting was adopted to block the
large outflow borehole. After two hours, the water gushing
from the borehole was blocked.

Case 2: Huangsha Station of Guangzhou Metro Line 1
in China (Cui 2011)

The foundation pit excavation elevation of the station is
basically aquifer, and the groundwater level is 1.5~2.0 m
below the surface and is quite abundant. A cement slurry
with a water-cement ratio of 0.3~0.9:1 was used to plug
underground water leakage by grouting, and a large area
water leakage was successfully controlled.

Case 3: Grouting of working face in No.l coal of
Zhangji Coal Mine

Mining No.I coal in Zhangji Coal Mine is threatened by
water hazards from the floor aquifer. In order to ensure
safety in production, grouting operation is carried out. The
cement slurry with water-cement ratio of 1.0:1 is still used.
However, for extensively faulted region, the slurry running
occurs in the later stage and the water inflow of borehole
remains stable without decreasing. In order to solve these
problems, the water flow conditions and the dilution of
coarse grains between faults are analyzed, and the stage
grouting is recommended. In the initial stage, the cement-
based slurry with low-water cement ratio of 0.5:1 was used
and the accelerator was added to deep high-pressure
grouting.

According to the calculation formula considering
roughness, the grouting aperture was preliminarily
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estimated to design the effective grouting parameters. In the
later stage, higher-water cement ratio of 1.0:1 was used.
After the improvement of the project, the fault fissures are
gradually filled and the strength of rock mass is
continuously improved. Experiential directional long
borehole verification shows that the water inflow is
effectively controlled, as shown in Fig. 18.

Low water-cement slurries are used in water plugging
and seepage control engineering cases. One of the plugging
principles is that the slurry follows a power-law fluid model
and is pseudo plastic. In the middle of fissures and
boreholes, the slurry will show larger viscosity, which is
conducive to the avoidance of high-speed water flow.
Additionally, with the function of rough walls, solidified
cement partials, and accelerated solidification of additives,
water plugging can be achieved. Under a high-water
condition, a cement-based slurry with a high water-cement
ratio cannot achieve water plugging because its flow pattern
is often Newtonian (Liu et al. 2018), and the viscosity
distribution is identical in fracture sections, so superior
plugging by the slurry cannot be achieved. In view of the
phenomena of shear movement and particle filling in
shallow rock mass fractures, an accelerator should be added
according to the complexity of fractures when using lower
water-cement ratio slurry.

5. Discussion and limitation

The power law characteristics of slurries with low
water-cement ratios are one of the reasons for achieving
better water plugging. However, in engineering, additives
with different proportions are always mixed with slurries in
conditions of massive water. Additives can change the
hydraulic coefficients m and n of slurries at low water ratio,
and even change the flow patterns of slurries (Eriksson et
al. 2004, Zhang et al. 2017). Therefore, additive materials
should be deeply studied, especially for the flow
mechanism of various water shutoff materials in complex
geological conditions.

Based on the flow pattern study of slurry with a specific
water-cement ratio, the hydraulic properties calculated in
this paper can be used in grouting engineering, and are also
helpful in revealing the grouting mechanism of water-
cement ratio slurry. However, on basis of analysis carried
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out in this study, the available literature, and the current
trends of engineering practice, fractured rock masses have
variable shear movements. Shear will cause more contact
points and contact surfaces on the internal surface of a
fracture, which will have a serious impact on the slurry
diffusion. The 2D calculation results considering the
fluctuation of fracture wall and power-law flow pattern
have guiding significance for grouting engineering.
However, the combination of real-time digital imaging and
numerical simulation of grouting fracture surfaces in
tunneling is one of the keys to solve the problem of water
plugging engineering in real time.

According to the analysis in this paper, shear movement
in larger fissures results in a cliff-like drop in the pressure
gradient, but an increase in the fracture width leads to a
decrease in this response. In narrow fissures, there are some
blocking points instead of the cliff-type zones, which is the
main factor that causes the sustained rise of grouting
pressure and fracture dilation to damage splitting. The
research on the connectivity of contact surface or
discontinuous fractures has also become one of the key
problems in optimizing grouting.

The analysis of hydraulic properties for power-law fluid,
rock fracture roughness, and shear movement can not only
be used to guide the design of grouting engineering
parameters, but also proppant migration, fracturing fluid
diffusion, and extraction in oil and gas reservoir
development engineering (Omosebi and Igbokoyi 2016,
Dejam 2018). The mechanisms of flow, jacking and
splitting of power-law variable fluid in geological fissures
under different confining pressures should be further
studied.

In this study, the standard JRCs are applied in the
grouting models. The hydraulic properties of the power-law
slurry commonly used for water plugging are analyzed. The
grouting mechanism in the rough fracture is further
obtained, which is effective for the optimization of
engineering parameters. The calculation results are based on
the model of two-dimensional conditions. However, the
slurry flow in the geological fracture is a random multi-
directional three-dimensional spatial form, so the research
on the structural roughness has gradually developed to
three-dimensional. And the external conditions of the
fracture, such as shear movement, are variable and
multidirectional. There are some limitations in this study:
the fluid is assumed to be homogeneous in a single flow
direction and the interaction of mud particles is ignored.
The slurry flow is simulated in the connected domain
without considering the non-connected breakpoints caused
by the contact points of convex walls. Also, the breakpoints
can cause continuous pressure holding and matrix
expansion or even splitting, and the hydraulic changes
caused by it are neglected. The limitations of theory and
simulation in this study will be the future research topic.

6. Conclusions

In this paper, a flow-diffusion model of power-law
slurry in rough fractures is built based on the Navier-Stokes
equations and standard roughness (JRC) profiles proposed

by Barton. Ten standard structural planes for JRCs from 0.4
to 18.7, fracture apertures from 0.5 to 2.5 mm, and shear
movement of 0.5 mm were used to analyze the flow
mechanism.

* The pressure, velocity, and viscosity distributions are
affected by the values of JRCs and fracture width. The
maximum viscosity is distributed at the maximum velocity
of the slurry flow. The maximum velocity does not change
as the fracture width increases, but the viscosity increases.
This is one of the reasons that water is always blocked by
low water-cement ratio slurry in geological fractures.

» The whole process of standard roughness profiles can
be divided into three stationary zones (JRCs < 5.8, 9.5 <
JRCs < 12.8, 14.5 <JRCs < 16.7) and three transition zones
(5.8 <JRCs £9.5, 12.8 < JRCs < 14.5, JRCs >16.7). The
fracture models composed of 10 structural planes tend to
change the pressure gradient between 10 and 14, which
increases with decreasing fracture width. The effects of
small apertures and moderate to larger roughness (JRCs
>10.8) on the permeability of independent surfaces cannot
be underestimated. The influence of standard roughness can
be neglected when the fracture width reaches a certain
value.

» The hydraulic properties changed substantially after
shear movement of 0.5 mm. The slurry has lower viscosity
with higher velocity in the fracture. The pressure gradient
has different cliff-like trends along the length with different
JRCs and apertures. There are blocking points instead of
cliff-like zones for narrow fractures, and pressure increases
exponentially after stabilization for lower JRCs but with
lower fitting degrees (R? < 80%), and grouting is divided
into several stages. The shear does not change stationary
zones below 10.8, but expands to a single floating
stationary zone.

* The fitting equations for different JRCs are obtained
based on the calculations, which conform to a power-law
model: y=a*(x)°, where ¢ meets the conditions of -2 <c¢ <0.
Considering the slurry stress state and boundaries, the
hydraulic apertures are also obtained, and this approach
provides an effective method for optimizing grouting
parameters in engineering. The dual effects of shear
movement and roughness play an important role in the
effective hydraulic radius and permeability of the fracture.

* For grouting water plugging, the water-cement ratio,
grouting pressure and grouting additives should be
determined by combining the flow conditions and the
apparent widths of the main fracture and rough surface. It is
easier to plug water with low water-cement ratio slurry for
fractures with larger wall tortuosity. The permeability
coefficient calculated by flow alone cannot directly be used
to estimate the amount of slurry. In engineering, it can be
reasonably estimated by using the proposed method in
accordance with the standard fracture structure proposed by
Barton.
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Power law coefficient
Power law index
Slurry density
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Dimensionless value of pressure gradient
Pressure gradient
Fracture width number
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Outlet boundary of model
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Average slurry viscosity
Slurry velocity
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