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In this paper, the slurry seepage dynamics model is established, the critical con-
ditions for instability of the seepage dynamics model are discussed, and the ef-
fects of power index, effective mobility and non-Darcian flow factors on the
seepage velocity are analyzed. The results show that in the 2-D logarithmic pa-
rameter space, the boundary between the stability zone and the instability zone of
seepage is a straight line, and the absolute value of the slope of the straight line
decreases with the increase of the power index.
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Introduction

With the wide application of grouting engineering, the theory of grouting reinforce-
ment has been continuously developed and improved [1-3]. Due to the diversity of the pro-
portion and working conditions of grouting materials, which often involve solid mechanics,
fluid mechanics, rock mechanics and other disciplines [4-7]. It is difficult to make theoretical
research, which leads to the phenomenon that the development of grouting theory has been
lagging behind practice. The grouting theory is mainly divided into seepage grouting, compac-
tion grouting and splitting grouting [8]. Seepage grouting and compaction grouting are regarded
as homogeneous fluid. Considering its diffusion in rock and soil fractures, the diffusion forms of
grout mainly include spherical and cylindrical diffusion theories [9, 10]. Cleavage grouting is to
increase the grouting pressure to cause the rock and soil mass to have a cleavage channel, and
greatly increase the amount of grouting to improve the support effect [11].

Permeation grouting is conducted at low pressure, which is not easy to cause dam-
age to soil structure. It is often used to improve the impermeability and strength index of rock
and soil mass [12]. Many scholars have improved the theory of seepage grouting from the
aspects of grouting material type, slurry viscosity, slurry setting time, stratum type, stratum
permeability coefficient, soil porosity, grouting pressure and grouting hole diameter, etc.,
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from the gradual evolution of seepage diffusion based on the classical Marguerite theory to
the consideration of grout injectability, fluidity, time-varying and percolation [13, 14]. The
research of compaction grouting theory mainly focuses on the grouting mechanism. The basic
mechanical principle is the expansion model of column hole (vertical or horizontal) and
spherical hole based on elastoplastic theory or strain stress relationship. In the process of re-
search, it is gradually found that the maximum grouting pressure and the pore water pressure,
effective stress, water pressure dissipation caused by the pressure filtration effect should be
considered. In the latest research, the effective influence range of compaction grouting has
been proposed [15, 16]. The research results of split grouting theory focus on the soil com-
pactness, water content, grouting pressure, grouting hole depth, etc. In the analysis of
grouting mechanism, the slab narrow slit model, the plane radial circle model, the induced
directional splitting, the influence of major and minor principal stresses, and the theory of
circular hole expansion are mainly considered [17-19]. Since the essence of splitting grout-
ing is to compact the soil mass, compared with seepage grouting and compaction grouting,
it can form splitting cracks and grout vein skeleton in the soil mass, with a larger rein-
forcement range and better effect. Therefore, it is of great significance to study the limit
equilibrium state of the grout seepage process during splitting grouting to guide the engi-
neering reinforcement practice.

In this paper, considering that the two-phase fluid of grouting slurry belongs to
non-Newton fluid, a slurry seepage dynamic model of the two-phase medium in rock soil
structure is established. Based on the assumptions, the boundary conditions and initial condi-
tions of the model are given, the critical conditions for the instability of the model are dis-
cussed, and the effects of power index, effective mobility and non-Darcy flow factors on the
seepage velocity are analyzed.

Seepage model for Non-Newtonian fluid in a smooth fissure

In the process of high pressure fracturing grouting, due to the large velocity of the
slurry, the Reynolds coefficient of the slurry is large. At this time, the influence of inertial
force must be considered. The seepage velocity and pressure gradient do not meet the Darcy's
law. In addition, the slurry used in high pressure fracturing grouting shows obvious character-
istics of non-Newtonian fluid, that is, the shear stress is non-linear with the angular strain rate.
Therefore, to analyze the structural instability of fractured rock mass under high pressure, the
following assumptions should be made for the actual engineering problems:

— The seepage force at both ends of slurry seepage under high pressure can drive slurry par-
ticles to roll or move between pores.

— The slurry is a continuous medium filled uniformly in the water body, and its seepage
characteristics meet the Forchheimer relation.

— The slurry is a non-Newtonian fluid, meeting the characteristics of power-law fluid, i.e. ¢
= Cy" (when n < 1 is a pseudoplastic fluid, and n > 1 is an expansive fluid), where, C is the
slurry consistency coefficient, and n is a power index.

Based on the aforementioned basic assumptions, a dynamic model as shown in fig. 1
can be established. The stability of seepage is composed of the mass conservation equation,
momentum conservation equation, and fluid compression equation of non-Darcian flow slurry
in smooth parallel seepage channels, that is to say:

6_p+_6(pu) =0 (1a)
ot OX
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where p is the pressure, v — the seepage velocity, p — the mass density of mixed liquid, ze —
the equivalent viscosity, k. — the effective permeability, 8 — the non-Darcian flow S factor, ¢;
— the fluid compressibility coefficient, p, — the standard atmospheric pressure, and py — the
mass density of fluid under standard atmospheric pressure. The effective permeability and
equivalent viscosity are determined by the width of seepage channel b and the constitutive
parameters of non-Darcian fluid reads:

bZ
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The boundary conditions of the dynamic model is written:
plx:(): pl (48.)
and
Plir= P, (4b)
The initial conditions for pressure and velocity are showed:
Plio= P+ P, E Py xe[o,L] (5a)
and
U|1:0= Uy (5b)
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Figure 1. Schematic diagram of slurry
seepage dynamic model

When the slurry seepage dynamics model is in equilibrium, the density, velocity and
pressure at both ends of the slurry do not change with time, that is dp/ot = 0, dv/ot = 0, and
oplot = 0. If the slurry is regarded as an incompressible fluid, the equilibrium state of the
slurry seepage dynamics model is given by the following equations:

@ — O /’le p2 — pl
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let
f(0) = 220" + ppo? PR
K, L
Using Runge-Kutta method can get that the nonzero root of the algebraic equation
f'(v) = 0is given:
2,1 1/n-2
v* = (P_eﬂj (7
n

where lg = kefute is called the effective mobility.

When f(v™) < 0, the function f(v) has a zero point and the seepage velocity has a sta-
ble value. When f(u") < 0, function f(v) has no zero point, that is, the 2™ equation in eq. (6)
has no real root. At this time, no matter what the initial conditions are, the seepage cannot
reach the equilibrium state, and the seepage is unstable. Therefore, by substituting eq. (7) into
f(™) < 0 it can be obtained that the instability conditions of slurry seepage dynamic model

can be written:
20p1, Y"1 2081 _pi-p
PRl ———=| A~ (8)
n | n L

If n <2, eq. (8) is further simplified by taking logarithms on both sides, and the
boundary line between the stable zone and the unstable zone of seepage can be expressed:

zhmw)+m(ﬂv=h{3£j+”_2m( 2 pf—mj )
n n n 2-n L

The linear solution is the limit case of 20
seepage equilibrium state, as shown in fig. 2,
which gives the limit seepage equilibrium state 25
of several special fluids.

The main physical and mechanical pa-
rameters of the seepage dynamic model in the 15
figure are set in tab. 1. The power exponent n is
0.4, 1.0, and 1.6, respectively, for pseudo plastic 10
fluid, Newtonian fluid and expansive fluid.

It can be seen from fig. 2 that the power
index n, effective mobility I, and non-Darcy 0 : : :
flow, B, factor determine the existence of seep- - e = = ) o) =
age equilibrium. After the power index n is
determined, under the 2-D logarithmic parameter
space (l¢,8), the boundary line between the stable
and unstable areas of seepage is a straight line, and the absolute value of the slope of the straight
line decreases with the increase of the power index. When the point determined in the param-
eter space (l¢,3) is below the straight line, the fluid is always in equilibrium, otherwise, the
seepage loss is stable.

lg(-5)

20

Figure 2. Power law fluid seepage
critical instability curve

Table 1. Main physical and mechanical parameters of seepage dynamic model
L [m] plgem™®] | pi[MPq] P2 [MPa] &
0.25 1.92 0.70 0.04 3.96 x10°
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Seepage equilibrium analysis

It can be seen from the discussion of chapter 3 that the stability of non-Darcian flow
in non-Newtonian fluids in smooth cracks is jointly determined by three parameters. Two of
them are parameters that characterize non-Newtonian fluids (power exponent n, effective
fluidity 1) and one that characterizes non-Darcian flow characteristics (non-Darcy flow S
factor). Therefore, the analysis of the seepage equilibrium state of chapter 4 selects three pa-
rameters of power exponent n effective fluidity I, and non-Darcian flow § factor to study their
effects on seepage velocity.

Effect of power exponent on seepage velocity

In order to obtain the influence of the power exponent on the velocity under
steady-state of seepage, we set the effective fluidity 1. = 7.00 x10® m*3s®’/kg, non-Darcian
flow factor 8 = 1.10 x10* m™, the power exponents were taken at 0.3, 0.7, 1.0, 1.3, and 1.6 to
observe the change of seepage velocity.

It can be seen from fig. 3 that in the case of a certain power exponent, the seepage
velocity increases with time, and finally the percolation velocity tends to a fixed value, no
longer changes with time, and the seepage reaches a steady-state.
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0.9
= n=16
‘g 0.8F 0.8 1 200
S 07t v=801-102¢"%"0.13
0.6 0.6 R%=0.9999 1 150
0.5r n=13
0.4l 0.4F -4 100
0.3 Hf
0 n=1.0 02f 4 50
ol - t=217¢*%"1.33
; : =
. 00F R®=0.9998 {0
0.0 : . - n=0.4
0 50 100 150 200 250 300 . U ! : o—
0.4 0.6 0.8 1.0 1.2 1.4 1.6
t[s] n
Figure 3. Seepage velocity curve with Figure .4 The time required for
time under different power exponents stable seepage velocity and seepage

steady-state with power exponential curve

It can be seen from fig. 4 that the steady seepage velocity increases with the increase
of the power exponent, and the slope increases continuously. This relationship can be better
characterized by an exponential function v = 8.01 x10%***" — 0.13.

Effect of effective fluidity on seepage velocity

In order to obtain the effect of effective fluidity on the velocity under steady seep-
age, we set the power exponent n = 1.3, non-Darcian flow factor 8 = 1.10 x10* m %, the ef-
fective fluidity were taken at 0.5 x10° m*3s®//kg, 1.0 x10® m*3s®//kg, 3.0 x10® m*3s®'/kg,
5.0 x10°® m*%s®’/kg, and 7.0 x10"® m*3s®"/kg to observe the change of seepage velocity.

It can be seen from fig. 5 that in the case of a certain effective fluidity, the percola-
tion velocity increases with time, and finally the percolation velocity tends to a constant value
and reaches a steady-state.
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Figure . 5 Seepage velocity curve with Figure 6. The time required for
time under different effective fluidity stable seepage velocity and seepage

steady-state with effective fluidity curve

It can be seen from fig. 6 that the steady seepage velocity increases with the increase
of the effective fluidity, and this relationship can be better characterized by v = 5.0 [10°l, + 0.1.

Effect of non-Darcian flow factor on seepage velocity

In order to obtain the effect of non-Darcian flow factor on the velocity under steady
seepage, we set the power exponent n = 1.3, effective fluidity I, = 7.00 x10°® m3'3s°'7/k9, the
non-Darcian flow factor were taken at 0.3 x10*m™, 0.5 x10*m™, 0.7 x10* m™*, 0.9 x10" m*
and 1.1 x10* m™* to observe the change of seepage velocity.

It can be seen from fig. 7 that in the case of a certain non-Darcian flow g factor, the
seepage velocity increases with time, and finally the percolation velocity tends to a constant

value and reaches a steady-state. , 1]
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Figure 7. Seepage velocity curve with Figure 8. The time required for
time under different non-Darcian flow factor stable seepage velocity and seepage

steady-state with non-Darcian flow factor curve

It can be seen from fig. 8 that the steady seepage velocity tends to increase with the
increase of the non-Darcian flow factor, and the slope becomes larger and larger. This relation-
ship can be better characterized by an exponential function v = 1.50 x10 %e***1*% + (.29,

Conclusion

In this work we have studied the seepage stability of high pressure fracturing grout-
ing for strengthening engineering structures with cracks. The slurry seepage dynamics model
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is established, the critical conditions for instability of the seepage dynamics model are dis-
cussed, and the effects of power index, effective mobility and non-Darcian flow factors on the
seepage velocity are analyzed. The results show that in the 2-D logarithmic parameter space,
the boundary between the stability zone and the instability zone of seepage is a straight line,
and the absolute value of the slope of the straight line decreases with the increase of the pow-
er index. The velocity and time required for seepage stability are positively correlated with
power index, effective mobility and non-Darcian flow factor, which can be better described
by exponential function. With the increase of the power index, the sensitivity of the fluid to
the pressure response gradually increases, which shows that the seepage acceleration increas-
es and the time required for stability increases. The greater the mobility, the stronger the fluid
flow capacity and the longer the time required for seepage stability. The greater the
non-Darcian flow factor is, the greater the slope of seepage velocity increase and the more
deviated from Darcy flow.
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Nomenclature

L — broken rock particle size, [m] 0o — mass density of fluid, [gem™]

Ca — acceleration coefficient, [%)] Jol — mass density of the mixture, [gcm ]
P1 — left boundary pressure value, [MPa] v — seepage velocity, [ms™]

P2 — right boundary pressure value, [MPa] e — dynamic viscosity, [Pa s]

ke — effective permeability,[ms™]

Greek symbols

Ji) — non-Darcian flow factor, [m™]
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