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Abstract

The main objective of this paper is to use the rain optimization technique to improve the grouting process. Grouting is one of
the most crucial techniques used to keep water out of tunnels. In this study, a new method was proposed to model the fracture
and the surrounding rock when the fluid moves radially, providing a more accurate representation of the physical processes
involved. In this paper the surrounding rock and a crack were initially simulated, and the constructed model was then solved
using the rain optimization technique. To achieve this, the surrounding rock was separated into 30 blocks, and the fracture
itself was divided into ten blocks. Nine different fluids were then injected into the crack, all of which had a time-dependent
viscosity. In other words, their viscosity grew over time. One of these fluids was injected into the crack in the first stage at 5
different pressures and flow rates, and the minimum pressure that could be used to inject this fluid was determined to be 900
psi. Only fluids 4 and 5 were able to seal the fracture after the remaining 8 fluids were injected into the crack at a pressure
of 900 psi. The majority of the fluids were unable to restrict the entry of water. Then, efforts were made to lower the injec-
tion pressure of fluids 4 and 5 as much as possible. The results showed that when fluid No. 4 is injected into the fracture at a
pressure of 30 psi, it can seal the fracture, and when fluid No. 5 is injected into the gap at a pressure of 60 psi, it can regulate
the inflow of water. To manage water inrush in tunnels, fluid No. 1 is recommended for high-pressure injection, while fluids

Nos. 4 and 5 are recommended for low-pressure injection.
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1 Introduction

Today, new issues and difficulties have arisen in the under-
ground construction and mining sector due to the rising
demand for constructing underground structures. One of
these issues is the problem of water seepage into tunnels
(Ge 2006). Studies have revealed that the inflow of water
into tunnels can result in a wide range of significant issues.
As this phenomenon is complicated and poorly understood,
it can lead to terrible accidents and significant financial
losses. Water ingress into tunnels can also diminish local
subterranean water supplies, underground water levels, and
eventually local water storage (Shucai 2016). Addition-
ally, geological issues like tunnel wall collapse and ground
surface fissures may occur in severe situations. Grouting
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operations are one of the newest techniques used to stop
water from entering the mine. Significant efforts have been
made in this area to enhance the setup requirements, meth-
ods of application, materials, and equipment. Although
there are instances of injection procedures from the 1950s,
actual study into this topic only began around 2000 (Kati-
beh and Aalianvari 2012). In order to carry out injection
operations under dynamic subterranean water circumstances,
Liu (2011) suggested a novel approach called VCH and
assessed and analyzed its performance (Liu 2011). Due to
the time dependence of the injection fluid's viscosity, they
used cement—glass and cement—polymer injection fluids as
two useful fluids in the injection operation for their experi-
ments. They investigated the morphology of the contact
surface of the injection fluid and water in a situation where
underground water is considered to be dynamic. Despite
much study in this area (Axelsson et al. 2009; Gothill and
Stille 2009; Mohammed et al. 2015; Rafi and Stille 2015;
Sui 2015), accurate modeling and knowledge of slurry dif-
fusion near running water in fractures and fissures have not
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been provided. The determination of injection parameters,
particularly injection pressure, and the design of injection
operations are therefore entirely experimental. Water plug-
ging operations in mines using the injection method are thus
still entirely experimental and non-repetitive. Therefore,
choosing the incorrect injection pressure can occasionally
result in significant secondary issues, including rock insta-
bility, collapsing walls, and tunnel roofs (Nazari et al. 2023).

According to earlier studies (Xiao et al. 2010), acid
sodium silicate-based grouts function rather well when
there is low-flow surface water present. Conventional
polyurethane grouts have reportedly undergone certain
alterations, according to sources (Feng et al. 2013). The
performance of this kind of grout has improved as a result
of these improvements. However, the slurries needed for
utilization under dynamic water conditions in a fracture
have not received much attention in the literature. Since
polymer slurries are expensive, acidic, and have limited
action duration, they are rarely employed in dynamic
water conditions nowadays. Therefore, it would appear
that research into the various slurries that may be applied
to these kinds of fractures is particularly crucial (Nazari
et al. 2022).

Water ingress is a highly significant issue in under-
ground mines because it can cause ground subsidence,
pollution of subterranean water, changes in the effec-
tive stresses in the layers, and reductions in underground
water levels. Previous studies have attempted to avoid
these issues by presenting strategies for lowering water
pressure by the digging of vertical holes and the submers-
ible pumping of fluid outward. Although these techniques
have occasionally been rather effective, a lot of focus has
recently been placed on the technique of placing a cement
curtain in the water channels to block them. Despite all the
advancements achieved in this field, there are still many
unanswered questions regarding this surgery. The design
of cement slurry injection pressure and flow rate is entirely
experimental and empirical, and occasionally it is accom-
panied by several mistakes. The best place for injection
holes has not been identified, and it is uncertain how long-
term use will affect how well injection grout membranes
operate (Behnia et al. 2021).

In this study, we will attempt to optimize the pressure and
flow rate of the injected fluid in the fracture by simulating
the movement of injected fluid in a fracture with specified
features near groundwater with low and high flow rates. The
injectable volume of the slurry in a particular hole will also
be established by taking into account the time-dependent
features of the injecting grout, including the viscosity of the
slurry. Based on this, the drilling position of the injection
holes will be selected and optimized.
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Fig.1 The component taken into account for the mass balance of a
single-phase fluid flow in a straightforward Cartesian one-dimen-
sional model

2 Theory

The grouting procedure has seen considerable theoreti-
cal advancements and has garnered a lot of attention on a
worldwide level. Studies on grouting theory have generally
concentrated on the fluid and solid mechanics-based slurry
movement in a crack, where slurry motion is examined in
relation to variables including injection pressure, injection
flow rate, diffusion, and injection time. The theories for
injection include those for the amount of slurry penetra-
tion, the amount of adhesion produced by the injection,
the amount of injection in joints, and the amount of injec-
tion in fractures. Despite the relatively extensive studies
conducted in the field, the interaction between slurry and
water, the impact of high flow rate water movement on
injection operations, and the influence of time dependence
on injection operations have not been thoroughly investi-
gated, highlighting the need for further research in these
areas (Shucai 2016; Gothill and Stille 2010). The ideal
flow rate and injection pressure to seal a fracture will be
found as well as the best fluid that can be utilized in these
settings after solving the equations that model the move-
ment of the slurry in a crack.

2.1 Principles of simulating fluid movement
in porous medium and cracks

A single-phase flow of an incompressible fluid with vis-
cosity that varies with time is employed to inject the fluid
into the crack, using three crucial equations—the continu-
ity equation, the fluid flow equation in the porous media,
and the equation of state—to simulate fluid motion in a
porous medium and fracture.

Schiltz introduced the continuity equation in 1936,
which provides a straightforward approach to simulating
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fluid motion in a homogeneous container where the rock
and fluid characteristics are identical. The continuity equa-
tion was derived using a simple one-dimensional model
with single-phase fluid flow in a Cartesian coordinate sys-
tem. Figure 1 depicts this problem in detail.

If there is no production or consumption in the element
depicted in Fig. 1, the overall mass balance equation is as
follows:

Input mass flow — Output mass flow = accumulation

m Adt — g g Adt =m g —m, (1)

The amount of mass in an element at time t is equal to the
density of the fluid multiplied by the element volume. So:

m Adl =i, Adi = (pAdxf),, - (pAded), (2

In this equation:

m " mass flow rate.

A: The cross section of the element.

dt: time changes.

m: mass.

p: fluid density.

dx: element length.

: porosity.

Given the constant dr and dx, and the division of the sides
of Eq. (2) by dt.dx, this relation is written as follows:

mx B mx+dx _ (p'ﬂ)r+dt B (p'g)t ?3)
dx dt
Considering:
m=m/(A.dt) 4)
m=pyv (5)

And after replacing Eq. 5 in Eq. 4 we have:
m=m.u (6)

In these equations, v is the volume of the element, and u
is the velocity of the fluid through the element. So by plac-
ing Eq. 6 in Eq. 3 and converting it to a differential form,

we have:
_8(ou) _ 5(of) ™)

ox ot

By following the same method, three-dimensional flow
equation in the Cartesian system can be obtained as follows:

_<5(§:x) .\ 5(;);@) .\ 5(;;%)) _ 5(;9’) -

«— p.u h

N~

r+dr

Fig.2 Considered elements for mass flow balance of single-phase
fluid in a one-dimensional model in a cylindrical system

Next, the mass balance equation for a one-dimensional
single-phase flow in the direction of the radius in a cylindrical
system (called a radial flow) will be expanded. In this case,
the considered element to develop the mass balance equation
is shown in Fig. 2.

Similarly, by writing the continuity equation for the shown
element in Fig. 2, we have:

mA,.dt — A, ,.dt = (pAdr9),, , — (pAdr8),  (9)

Given that in this system the cross section is A =2arh and
is a function of radius, so the mass balance equation is written
as follows:

m.r — m.(r + dr) _ (p'g)&dt - (p'ﬂ);
r.dr a dt

(10)

Therefore, the continuity equation in the radial system in
differential form is written as follows:

1 6(r.p.ur) 3 5(,0(5)
r or Y,

1)

Single-phase laminar flow in macroscopic scales in a
porous medium for one-dimensional flow in the horizontal
system is defined by the Darcy equatiuon (1865) as follows:
q _ _kdp

u, ==
A

i (12)

In this equation, permeability (k) is in terms of square
meters, viscosity () is in Pa s, and velocity («) is in terms
of ms.

By placing the Darcy equation (Eq. 12) in Eq. 7, the follow-
ing general equation for linear flow would be obtained:
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k. 5
5(022)  s(m)
Sx Tt

13)

Since the fluid utilized in the grouting process is incom-
pressible, the second side of Eq. 13 may be interpreted as zero
because neither the fluid density nor the rock porosity will
change over time. Consequently, the following equation will be
utilized to model fluid motion in a porous material or fracture
for linear flow:

k op
5(M 5X>

ox

_o (14)

Similarly, the final equation used to simulate the fluid flow
in a porous medium or fracture for radial flow would be as
follows:

Po

Po

Po

Po

Fig.3 The shape of a fracture when a borehole is drilled perpendicu-
lar to it and the radial motion of the injected fluid into the fracture

Fig.4 Blocking used to simu- s =

late a fracture and the surround- -
ing matrix in which each block P i --
will be seen as cylindrical shells

’
1
1
+
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2.2 Simulation of a fracture

To simulate the flow of an incompressible fluid in a fracture,
two different modes can be considered:

1. The state that the walls on both sides of the fracture have
zero permeability and the fluid cannot enter the matrix
around the fracture.

2. The situation where the walls on both sides of the gap
are a porous medium with a certain permeability and the
injection fluid enters the matrix.

The first simulation is in fact a special case of the second
case, and for a more comprehensive simulation, this case
will be discussed in this study. Figure 3 shows a horizontal
view of a fracture when fluid is injected into it from a hole:

Figure 3 shows that the fluid moves radially through the
fracture. Each circle represents a block that must be pre-
cisely defined during the simulation. A vertical view of the
shown section in Fig. 3, shows the blocks used in the simula-
tion more precise (Fig. 4):

The simulation area is divided into a number of blocks,
which are arranged in i rows and j columns, as seen in the
vertical part of Fig. 4. The fluid may be transferred both hor-
izontally and vertically between the blocks, each of which
is in the shape of the shell of a cylinder. The radial model
is used to describe the fluid's horizontal motion, and the
linear model is used to describe the fluid's vertical motion.
A pressure is assigned to the center of each block, which
is denoted by p (i, j) for the block in row i and column j.

matrix
_____ L hjsq

_
&\
-

ilis1 N
—_> & L Op;ji hj matrix

2,1 ) matrix

Pi-1,j

fracture

1,1 (1,2)

T Ti+1
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The fluid under pressure difference between the block and
adjacent blocks may enter or leave a block from 4 directions.
The fluid entering the block in the horizontal direction is
shown with ¢(i, j) and the output fluid from the block in the
horizontal direction is shown g(i, j+ 1). These two flows are
calculated using the radial model. On the other hand, the
input fluid to a block in the vertical direction is determined
with ¢(i, j), and the output fluid of a block in the vertical
direction is denoted by g(i + 1, j). For ease of modeling, we
assume that one side of the crack is impermeable and that
the permeability of the opposite side is taken into account
twice. Each block has specific properties that are predefined,
such as its height, inner and outer radii, permeability in all
directions, vertical and radial permeability, and viscosity of
the fluid inside each block. The injection fluid's viscosity
is a function of time and rises with time, which is a crucial
aspect of this simulation.

2.3 Expansion of the linear flow equation

The linear flow equation was previously obtained as follows,
and in this study, this equation will be used to calculate and
simulate the vertical flow between blocks.

k. 6p
5(:5)

=0
ox
k. 6p
3(52) s(g) _
o oy =4q;;' = 4ijs1! =0

In this equation, ql’.j represents the vertical flow between

two blocks, and its value is calculated from the following
relation:

4 Ri+1,j - RiJ Pi+1j — Pij Ri,j - Ri—lJ’

Pij = Di-1;

k. p..—p..
’ ij pt,]—l pl,]

q; = 16
@) h (10)
k. L —D..
' ij+1 pl,/ pt,]+l
9 = 17
ij+1 M(t)iJ+1 I’l ( )

Also, to calculate and simulate the horizontal motion of
the fluid between the blocks, we can use the extended equa-
tion for radial flow in the previous sections:

& o
o(mE8)
r or

To simplify the equation, we assume that A(f) = % and

R =r?. So the above equation will be simplified as
follows:

5(R./1(t)j—§)
~

4 =4 (18)

If Eq. 18 is extended for block (i, j), we have:
A (R a,, DTl (g, POTPE_
AR|\"*3"*3VR, R, =2"3R,; — Ry,

i+1j — Ny
(19)

If we use logarithmic averaging to get the mean R in a
block, we have:

Ti J

s L1 —_ i_l‘
AR 2ln<ﬂ> TR — Ry 21n<i> IR — Ry

i1

R Ri+l,j - RiJ‘ Ri+l.i - Ri.i
L. = =
i ln<M>2 2ln<ﬂ> (20)
R Tij
L Rij—Ri_y; _ Rij—Ri_y;
() () en
Ri_yy Tic1j
Placing Egs. (20) and (21) into Eq. (19) yields:
—q (22)

Canceling common factors in both side of the above equa-
tion yields:

2 Pi+1j — Pij
i | I P )
AR Ay ln<ri+l,j>

Tij

_|. Pij — Pi-1;

=3y -
2V 7
! < 5 )
Ti-1j

(23)

3

i
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Considering that there is no injection or production from
any of the blocks, the value of g in each block is zero. So
we have:

1 Pi+1j — Pij Pij = Pi-1;

.0 — . —

ey m(mu) T2 ln< ij >
Tij Tie1j

Also, considering the value of radial permeability at the
input boundary of the block (i, j) to be equal to k;; and the
value of radial permeability at the output boundary of this
block to be equal to k;,, ; and similarly the value of the fluid
viscosity at time t at the inlet and outlet boundaries of the
block equal to u(7);; and p(t),4, ;, respectively, and multiply-
ing two sides of relationship 24 by the height of the block
yields:

A =0 24)

2k, jh 2k jh

i
M(t),q.l,/ In <r:j>

—r‘l_Pi+1,/ —Pij|— Pij = Pie1;|=0
u(®);;In < % )
(25)
The first expression of the left side of relation 25 is exactly
equal to the input flow to the block (i, j), and the second
expression of the left side of relation 25 is exactly equal to the
output flow of this block in radial flow. So:

27k, jh

qij = (26)

(t)ln—rwpﬁu —Pij
H\D);; .

Fig.5 The boundary conditions

2rkiyy jh
4iv1j = — 7, \Pij —Pi-1y 27
O () @n
i~
9ij — qir1; =0 (23)
So for a specific block (i, j) we have:
9ij = 9is1j T 9! — Gij! =0 (29)

This condition must be checked for all blocks, and by
simultaneously solving the system of equations obtained for
all blocks, the pressure in each block can be calculated. For
example, to solve the simulation of a fracture with nxn blocks,
the following system of equations must be solved:
411~ 42t q;?l - 6]'1,2 =0
dip—Grpt 61/1,2 - 61'1,3 =0

/ / —
9ij — 9i+1j +qlJ - qu+l =0

/ / —
9un — n+1n + qn,n - qn,n+l =0

L

2.4 Boundary conditions

Border conditions significantly affect how this challenge can
be solved. In this investigation, it is assumed that a drill
has pierced the matrix as necessary by passing vertically
through a crack. The pump's injection pressure determines
its value, and its upper limit, naturally, relies on the fracture
pressure of the rock within the tunnel. As a result, the inlet
fluid pressure to the fracture and the matrix is equal to p_in.
The inlet flow from the matrix to the fracture from one side

used for solving the model P . oL
s /”’ e “‘___5 p_n:-l‘,f-‘pf pn+;2\*_—\pf \\\ Pntim = D
' ’ ( < L) ) L & L 4
i N ~-=--
B Ty
~ Se I
RN sl . ® ® Pi+yj _
I Sis o : pn-,o-:-:—pf— 4 pn,m+1 pf
A 4
i : : : : Il{ i1
1 1 i
1 1 ! qil; qil1 i
i ! 1 i) ifr1,j
i : ' e Pij-10 —5 o —3 ep;j, °
A 1 1 : H pl,j
i | ! ! i
\ i ! ! 19 ;.
! o .
~ | ®p =p,
ARV H D20 T Pr ° . X 2,m+1 f
Sl . f Di-1,j
ST L
Tte- Pé@.# in T T T T T 0p],m-H = pf
q,,=0 q,,=0 q9,,=0
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is taken into consideration to be zero since we simulated the
fracture from one side (in Fig. 5, the inlet flow from the bot-
tom into the fracture is taken into consideration to be zero).
The pressure on the other two sides of the model is equal to
the water pressure in the formation. Figure 5 better illustrates
the boundary conditions of the problem:

2.5 Calculate the pressure in each block

As previously mentioned, the pressure in each block can be
determined by taking into account the boundary conditions
and solving the system of equations outlined in the previous
section. In this study, a novel meta-heuristic optimization
technique called the rain optimization algorithm proposed
to solve the system of equations. Using this approach, the
pressure in each block estimated and the total flow deter-
mined by checking if it is zero in each block. This allows us
to accurately determine the pressure in each block.

2.6 Calculate the input and output flow rates
of each block

Having the pressure of adjacent blocks of each block, the
inlet and outlet flow to each block can be easily calculated
using the relations 16, 17, 26 and 27.
Determining the working front of the injected fluid.
Another problem is determining the locks that would be
filled until the injection time 7=t and front of the injection
fluid. To do this, the following steps can be done:

ti 4 fz 4 LHSA tj} 4 t% 4

® tas tas tas a3 ®
ti3 th3 t33 ths ts3

® t31 t32 t33 t34 ®
tio th, b3 taz tso

[ ] t1 tso t23 t24 1 d
61 th 31 thq tsq

4 t1a tio ti3 L1 ®

Fig.6 Method for calculating the arrival time of the fluid front to the
output boundaries of each block

14 54 t34 tha ey

® taq ta,2 ty3 a3 ®
ti3 b3 t33 Lz ts53

Ps t31 t32 t33 t34 *
ti ts, 32 th2 ts,

b 2,1 t2o t23 t24 L d
b tq tsq thq s,

4 t1q tip t13 tia g

Fig. 7 The front of injected fluid in the model

1. Regardless of the time, a large model with a relatively
large number of blocks should be considered and using
the given method for the pressure calculation, the pres-
sure and the inlet and outlet flow to each block can be
calculated.

2. According to the injection flow rate to the first block and
time ¢, the volume of fluid injected to the first block at
time 7 is determined (v_1).

3. Is the volume of fluid injected at this time greater than
the volume of the first block? If this is the case, then
the fluid has left the first block from the other three
directions. The flow rate of the fluid in the other three
directions of the first block has already been calculated.
Therefore, we calculate the filling time of the first block
and subtract it from the total injection time 7/, =T—1¢_1.

4. For adjacent blocks of the first block, repeat steps 2 and
3 and continue to do these steps until the sum of the total
passage times of the fluid from each block in the direc-
tion of fluid movement exceeds the injection time.

5. In this way, on the boundary of each block, the time
for the fluid to reach that boundary can be calculated.
Figure 6 shows this Issue better.

In Fig. 6, assuming that the injection time ¢ in the vertical
direction is less than 15 and 1)y and B and o and also
in the horizontal direction the injection time 7 is less than
13 1and 1, , and £, 4, then the front of the injected fluid will be

as shown in Fig. 7:

2.7 Simulation of fluid motion considering
the viscosity dependence of time

The pressure distribution in the blocks will have different
values at various times due to the influence of viscosity
on time. To get the precise front of the injected fluid, the

@ Springer
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Fig.8 Geometric and geophysi-
cal properties of the created
model for simulation

1 4 { A
'\ '\ :\\‘ - 1 A+
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! ' e Tl | =}
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: | i ! 3
. ! : | || h=1ft =
i ] ' - 1
1 : h | :;) »
| | ! Sy k, = 0.001d
1 1 ' =T Y
' | ' ro L
! i | h=1 ft
TNl |
. TTemdeo L A __l¥
~p-=_1Q0psi +~——{F h=0.001ft k, = 1d
i v e g /
S o o o N
L n & 5
N=10
Table 1 Calculated pressure in Col.1 Col.2 Col.3 Col.4 Col.5 Col.6 Col.7 Col.8 Col.9 Col. 10
each block when a fluid with a
viscosity of 1 centipoise and a Raw 3 10.17 10.10 1008 10.06 10.05 10.03 10.03 1002 1002  10.02
pressure of 100psi is injected Raw?2 1034 10.19 10.15 10.12 1009 10.07 10.05 1004 1003  10.03
into the fracture
Raw 1 1032 1027 1023 10.18 10.14 10.11 10.08 10.06 10.05 10.05
Fracture 56.51 3190 2267 1785 1502 1325 1209 1131 1075 10.34

Table 2 Calculated horizontal flow between the blocks when a fluid with a viscosity of 1 centipoise and a pressure of 100psi is injected into the

fracture
Col. 1 Col.2 Col. 3 Col. 4 Col. 5 Col. 6 Col. 7 Col. 8 Col. 9 Col. 10
Raw3  843E—05 5.06E—05 5.60E—05 7.43E—05 8.08E—05 6.10E—05 527E—05 4.18E—05 1.08E—05 8.43E—05
Raw?2  1.78E—04 976E—05 1.11E—04 1.50E—04 1.64E—04 121E—04 1.06E—04 8.52E—05 1.96E—05 1.78E—04
Raw1  6.01E-01 1.16E4+00 1.64E+00 2.04E+00 229E+00 193E+00 2.01E4+00 1.50E+00 3.12E—02 6.01E—01
Fracture 2.92E4+00 2.35E4+00 1.87E+00 147E+00 LI5E+00 9.00E—01 7.15E—01 5.85E-01 4.79E—01 2.92E+00
Table 3 Calculated vertical flow Col.1 Col.2 Col.3 Col4 Col.5 Col.6 Col.7 Col.8 Col.9 Col. 10
between the blocks when a fluid
wi;haviscosity?il centipoise Raw3  0.0022 0.0025 00029 00032 00030 0.027 0.0024 0.0021 0.0019 0.0020
and a pressure of 100psi is Raw2  0.0022 0.0024 00029 0.0032 00030 0.026 0.0024 0.0021 0.0019 0.0020
injected into the fracture
Raw1 00018 00022 0.0030 00032 00034 0.0033 00030 0.0023 0.0018 0.0023
Fracture 0.6016 0.5634 0.4861 03992 03173 02453 0.1832 0.1298 0.0819 0.0378

process of trial and error must be applied. The fluid front
of the blocks would be established in each of the many
time steps that would be employed for this purpose. The
injected fluid can nevertheless go farther with passing time
if the pressure inside the boundary blocks is higher than the

@ Springer

pressure of the fluid outside the block. As a result, we extend
the injection period by an additional time step and, at this
point, we once again calculate the pressure of each block
and the fluid's front. Until the pressure inside the boundary
blocks is greater than the pressure outside, this procedure
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would be carried out continually. The injectable fluid now
solidifies in this location since it can no longer travel.

3 Discussion

A 10-by-4 grid was employed for the simulation, with each
cylinder being partitioned into 4 blocks and 10 nested cylin-
drical blocks. The vertical blocks' height was equivalent to
one foot, while the fracture opening's diameter was 0.001
feet. Each cylindrical block was also thought to have a thick-
ness of 0.1 feet. According to this model, the horizontal and
vertical permeability of each matrix block were set at 0.001
and 0.01 Darcy, respectively, and the fracture permeability
was set at 10 Darcy. On the other hand, the initial pressure
of the water in the blocks before injection was thought to be
equivalent to 10 psi, whereas the pressure of the fluid that

was injected into the crack was equal to 100 psi. This block
size is better seen in Fig. 8. This model was made simpler by
duplicating the vertical permeability of the blocks and set-
ting the permeability of one side of the fracture (the bottom
of the fracture) to zero.

The pressure in the middle of each block was determined
after the model developed for this study was solved using
the rain optimization technique. For this, the fluid viscosity
of 1cp was taken into account. Table 1 shows the pressure
attained in each block using the rain optimization method
after 100 iterations of choosing a starting population of
50. Table 2 provides the horizon flow between the blocks,
whereas Table 3 provides the vertical flow between the
blocks.

Table 4 Filling time of each block (from the start of injection process in seconds) when a fluid with a viscosity of 1 cp and a pressure of 100 psi

is injected into the fracture

Col. 1 Col. 2 Col. 3 Col. 4 Col. 5 Col. 6 Col. 7 Col. 8 Col. 9 Col. 10
Raw 3 772,437.3 310,449.5 362,265.7 444,867.7 559,196.6 733,799.8 946,128.7 1,296,933.9 1,718,514.1 1,606,682.3
Raw 2 851,528.3 164,979.6 1812947 221,824.4 266,334.2 330,076.8 424,241.1 626,155.2 874,892.2 722,162.7
Raw 1 296.1 633.0 1092.1 1524.5 1961.4 2427.9 3073.2 3780.9 4846.2 52,142.3
Fracture 0.5 1.7 4.0 7.8 13.9 23.2 37.0 56.9 84.2 121.4

Table 5 Fluids with time-dependent viscosity used in this simulation

Types of slurry Water—cement ratio Volume ratio Equations of time-dependent viscosity Scope application
of cement grouting
Cement—sodium silicate slurry ~ 1:1 1:1 4y =0.00318242% t=0-180s; T=
20 °C; no additives
2:1 iy = 0.00842777%
3:1 p5 = 0.01864£0%
2:1 1:1 g = 1.422 x 10784215
2:1 s = 4.763 x 107173
Polymer modification materials  1:1 1:1 g = —7.89 X 10732 — 0.0031957 40.4467t + 0.6
2:1 7 = —1.005 x 1077¢* — 4.198 x 107> — 0.008976¢>
+0.68487 + 0.3
2:1 1:1 g = 1.362 x 10767 — 8.608 x 10™* — 0.008976>
—0.20461 + 0.5
2:1 o = 4.303 x 10762 — 0.001705¢* +0.2378¢ + 0.5
Table6 Filling time of each Col.1 Col2 Col3 Col.4 Col.5 Col6 Col.7 Col.§8 CoL9 Col.10
block (from the start of injection
process in seconds) when a fluid ~ Raw 3 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
no. Lis injected into the fracture g0 n pie gpr @wf If Inf Inf Inf  Inf  Inf  Inf
with a pressure of 100 psi
Raw 1 86.6 902.6 Inf Inf Inf Inf Inf Inf Inf Inf
Fracture 0.3 0.7 3.9 261.2 Inf Inf Inf Inf Inf Inf
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Table7 Calculated pressure Col.1 Col.2 Col.3 Col.4 Col.5 Col.6 Col.7 Col.8 Col.9 Col. 10

in each block when fluid no. 1

is injected to the block with a Raw 3 1033 1051 1022 1014 10.10 1006 10.03 10.01 10.00  10.00

pressure of 300psi Raw 2 1064 1105 1042 1029 1020 10.13 1007 10.02 1001  10.01
Raw 1 10.89 1072 1058 1044 1031 1020 10.11 1003 1001  10.01

Fracture 159.58 80.09 50.24 34.61 2542 19.63 1589 1354 12.00 10.89

Table 8 Filling time of each Col.1 Col.2 Col.3 Col.4 Col.5 Col.6 Col.7 Col.8 Col9 Col. 10
block (from the start of injection
process in seconds) whena fluid  Raw3  Inf  Inf Inf Inf  Inf Inf  Inf  Inf  Inf  Inf
no. Lis injected into the fracture ——p o ey Inf Inf  Inf Inf Inf  Inf  Inf  Inf
with a pressure of 300 psi
Raw 1  62.16 331.62 4743.07 Inf Inf Inf Inf Inf Inf Inf
Fracture 0.50  0.75 1.93 18.12 381286 Inf Inf Inf Inf Inf
Table9 Calculated pressure Col.1 Col.2 Col.3 Col.4 Col.5 Col.6 Col.7 Col.8 Col9 Col. 10
in each block when fluid no. 1
is injected fto the block with a Raw 3 1054 1044 1034 1025 1016 1009 1002 1000 1000 10.01
pressure of 600psi Raw 2 11.09 1088 1069 1051 1033 10.18 1004 1001 1001  10.02
Raw 1 1.67 1134 11.04 1078 1054 1034 10.19 10.05 10.03  10.03
Fracture 31531 153.86 93.56 61.68 4301 3116 2347 1831 1467 12.10
Table 10  Filling time of each Col.1 Col.2 Col.3 Col4 Col5 Col.6 Col.7 Col.8 Col.9 Col. 10
block (from the start of injection
process in seconds) when a fluid Raw 3 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
no. Lisinjected into the fracture — p o pe g g Inf Inf Inf  Inf Inf  Inf  Inf
with a pressure of 600 psi
Raw1 649 1689 4522 17268 1581.56 Inf Inf Inf Inf Inf
Fracture 0.25 0.27 0.33 0.49 1.08 6.29 404.93 Inf Inf Inf
Table 11 Calculated pressure Col.1 Col.2 Col.3 Col.4 Col5 Col.6 Col.7 Col.8 Col9 Col. 10
in each block when fluid no. 1
is injectedfto the block with a Raw 3 1049 1034 1019 1006 997 1000 1001 10.00 10.00  10.00
pressure of 900 psi Raw 2 1099 1068 1039 10.13 994 1000 1002 1001 1001 1001
Raw [ 1155 1106 1064 1026 10.17 1007 1004 10.03 1001 10.01
Fracture 468.03 22329 13122 8276 53.87 36.09 2446 1597 11.15 10.52
Table 12 Filling time of each Col.1 Col.2 Col.3 Col.4 Col.5 Col.6 Col.7 Col.8 Col9 Col 10
block (from the start of injection
process in seconds) when a fluid Raw3  Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
n(?‘ Lis injected into the f.racture Raw 2 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
with a pressure of 900 psi
Rawl 180 403 826 1851 5253 243.66 341387 Inf Inf Inf
fracture 0.16 0.7  0.18 021 027 042 1.06 769 96831 Inf
3.1 Determining the front of the injection fluid by the fluid at that time. If the fluid has a constant viscosity

(in this modeling equal to 1cp) the filling time of each block
To obtain the working front of the injected fluid at any given ~ will be according to Table 4:
time t, it is sufficient to determine the blocks that are filled
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Table 13 Calculated pressure Col.1 Col.2 Col.3 Col.4 Col.5 Col.6 Col.7 Col.8 Col.9 Col.10

in each block when fluid no. 1

is injected to the block with a Raw 3 1092 1072 1052 1035 10.16 1006 1004 1001 1001  10.01

pressure of 1200psi Raw2 1187 1144 1105 1070 1031 1011 1008 1001 1001  10.02
Raw 1 1286 1219 1160 1109 10.60 1025 10.14 1004 1004 10.04

Fracture 62395 29786 17547 11149 73.88 50.20 3459 23.67 1550 1248

Table 14 Filling time of each Col. 1 Col.2 Col.3 Col.4 Col.5 Col.6 Col.7 Col.8 Col.9 Col. 10
block (from the start of injection
process in seconds) when a fluid  Raw 3 Inf Inf  Inf  Inf  Inf  Inf  Inf  Inf Inf  Inf
no. Lis injected into the fracture - p /o 94 10684 Inf  Inf  Inf  Inf  Inf  Inf  Inf Inf  Inf
with a pressure of 1200 psi
Rawl  0.77 157 289 542 1112 2751 9883 760.86 Inf Inf
Fracture Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
Table 15 Filling time of each Col.1 Col2 Col.3 Col.4 Col5 Col.6 Col.7 Col.8 Col9 Col. 10
block (from the start of injection
process in seconds) W}Illefllc afluid  Raw3 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
ng. Lis injected into the .racture Raw 2 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
with a pressure of 900 psi
Raw 1 180 403 826 1851 5253 24366 341387 Inf Inf Inf
Fracture 0.16  0.17 0.8 021 027 042 1.06 769 96831 Inf
Table 16 Filling time of each Col.1 Col.2 Col.3 Col 4 Col.5 Col.6 Col.7 Col.8 Col.9 Col. 10
block (from the start of injection
process in seconds) when a fluid Raw 3 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
no. 2 is injected into the fracture oo o pe e Inf Inf Inf Inf  Inf  Inf  Inf  Inf
with a pressure of 900 psi
Raw1 2621 100.89 696.83 37,533.85 Inf Inf Inf Inf Inf Inf
Fracture 0.43 0.53 0.89 3.25 126.97 Inf Inf Inf Inf Inf
Table 17 Filling time of each Col.1 Col.2 Col.3 Col. 4 Col.5 Col.6 Col.7 Col.8 Col.9 Col.10
block (from the start of injection
process in seconds) Wlfllef; afluid  Raw3  Inf Inf Inf  Inf Inf  Inf  Inf Inf  Inf  Inf
no. 3 is injected into the fracture ——p o n ey Inf  Inf Inf  Inf  Inf  Inf  Inf  Inf
with a pressure of 900 psi
Raw 1 501.42 11,613.13 Inf Inf Inf Inf Inf Inf Inf Inf
Fracture 0.95 3.00 44.10 17,879.50 Inf Inf Inf Inf Inf Inf
Table 18 Filling time of each Col.1 Col.2 Col.3 Col.4 Col.5 Col.6 Col.7 Col8  Col9 Col. 10

block (from the start of injection

process in seconds) when a fluid ~ Raw3 183 218 288 456 858  29.89 103.85 3737.87 68,720.18 Inf
no. 4 is injected into the fracture

. . Raw 2 1.25 1.30 1.38 1.51 1.67 2.11 2.39 4.87 7.07 Inf
with a pressure of 900 psi
Raw 1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.01 1.01 1.07
Fracture 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

If the viscosity of the fluid is a function of time, the fill- filling time of the blocks will be much longer. Table 6 shows
ing time of the blocks by the injected fluid will be different.  the filling time of each block when fluid number 1 in Table 5
If fluid # 1 is selected as the injection fluid in Table 4, the is used:
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Table 19 Filling time of each Col.1 Col.2 Col3 Col.4 Col.5 Col6  Col.7 Col.8 ColL9 Col. 10
block (from the start of injection
process 1n secon('is) when a fluid Raw 3 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
no. Sis injected into the fracture oo 5 1og43 23439 507.04 130892 383076 17,370.51 Inf  Inf  Inf  Inf
with a pressure of 900 psi
Raw 1 1.14 1.31 1.54 1.90 2.46 3.37 491 7.69 13.64 31.42
Fracture 1.00 1.00 1.00 1.00 1.01 1.01 1.02 1.03 1.05 1.07
Table 20 Filling time of each Col.1 Col.2  Col3 Col4 Col.5 Col6 Col.7 Col.§ ColL9 Col.10
block (from the start of injection
process in seconds) when a fluid ~ Raw 3 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
no. 6 is injected into the fracture . L5 e gy Inf  Inf  Inf  Inf  Inf  Inf  Inf  Inf
with a pressure of 900 psi
Raw 1 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
Fracture  54.09 1792.55 Inf Inf Inf Inf Inf Inf Inf Inf
Table 21 Filling time of each Col.l Col.2  Col.3 Col.4 Col.5 Col.6 Col.7 Col.8 ColL9 Col. 10
block (from the start of injection
process in seconds) Wl}:erllc afluid  Raw3 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
no- 7 is injected into the Iracture Raw 2 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
with a pressure of 900 psi
Raw 1 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
Fracture 50.66 228122 Inf Inf Inf Inf Inf Inf Inf Inf
Table 22 Filling time of each Col.1 Col2 Col.3 Col4 Col.5 Col6 Col.7 Col8 Col9 Col 10
block (from the start of injection
process in seconds) when a fluid Raw 3 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
no. 8 s injected into the fracture — p . n e gy Inf  Inf Inf Inf  Inf  Inf  Inf  Inf
with a pressure of 900 psi
Raw 1 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
Fracture 1599 38231 Inf Inf Inf Inf Inf Inf Inf Inf
Table 23 Filling time of each Col.1 Col.2 Col.3 Col.4 Col.5 Col.6 Col7 ColL8 CoL9 Col 10
block (from the start of injection
process 'in'secom'is) when a fluid Raw 3 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
n(?. 9 is injected into the f.racture Raw 2 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
with a pressure of 900 psi
Raw 1 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
Fracture  38.45 942.59 Inf Inf Inf Inf Inf Inf Inf Inf

Table 6 shows numbers greater than 86,400 s (24 h) as
Inf or infinite time, indicating that these blocks will not be
saturated by the injection fluid even after 24 h of injection.

3.2 Injection pressure optimization

In this work, the simulation is used to determine the best
fluid type and injection circumstances for sealing the crack.
This implies that the injection pressure, flow rate, and fluid
type should all be chosen to ensure that the fluid completely
seals the crack. To put it another way, the fluid should be

@ Springer

able to flow to the fracture's terminus and solidify as quickly
as feasible. Table 6 demonstrates that under the prior injec-
tion settings, only the first four blocks of the crack were
filled with fluid, leaving the remaining space free. In order
to enhance these circumstances, the injection pressure was
raised in 4 stages to the fracture's maximum tolerated pres-
sure (1200 psi is taken into account in this study), and the
model was used to determine the pressure of the blocks and
the time it took to fill the blocks.

Step 1: Injection pressure equal to 300psi (Tables 7, 8).

Step 2: Injection pressure equal to 600psi (Tables 9, 10).
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Table 24 Filling time of each

AR Col.1 Col.2 Col.3 Col.4 Col.5 Col.6 Col.7 Col.8 Col. 9 Col. 10

block (from the start of injection
process 1n secon('is) when a fluid Raw 3 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
no- 3 is injected into the. fracture Raw 2 Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
with a pressure of 60 psi

Raw 1 3.58 6.74 11.72 20.68 38.89 8350 23547 1241.49 38,936.61 Inf

Fracture 1.00 1.01 1.04 1.07 1.14 1.26 1.51 2.18 5.42 83.16
Table 25 Filling time of each Col.1 Col.2 Col.3 Col.4 Col.5 Col.6 Col.7 Col.8 ColL9 Col. 10
block (from the start of injection
process in seconds) when a fluid  Raw 3  Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
no.4isinjected into the fracture g,y 5 pop f If If nf Inf  Inf  Inf Inf  Inf
with a pressure of 30 psi

Raw 1 5.53 9.90 16.84 2933 5474 11748 33501 194376 Inf Inf

Fracture  1.00 1.01 1.04 1.09 1.02 1.45 2.68 3.63 8.35 231.47

Step 3: Injection pressure equal to 900psi (Tables 11, 12).

Step 4: Injection pressure equal to 1200psi (Tables 13,
14).

Although by injection with a pressure of 1200 psi all
the blocks of the fracture are sealed by the injection fluid,
this amount of pressure is equal to the maximum pressure
that can be used in the injection operation. Therefore, it is
suggested to consider a safety factor of 0.25 and try to seal
all the blocks by injecting fluid at 900 psi.

3.3 Optimal fluid selection

B. In this study, we attempted to employ nine different
fluids for injection operations whose viscosity depended
on time. Table 5 displays the relationships between these
fluids and time that depend on them. According to the kind
of fluid employed, Tables 15, 16, 17, 18, 19, 20, 21, 22
and 23 display the filling times for the blocks used in the
simulation. The pressure utilized for injection is 900 psi,
and it should be noted that all of the simulation parameters
are comparable to those listed in section.

According to Table 15, fluid 1 can quickly seal the first 8
columns of the gap at 900 psi in about 8 s, but it takes about
968 s to close the ninth column, and at this pressure, the fluid
would not be able to seal the last block. Although Table 14
shows that this fluid may seal all ten columns associated
with the crack in 73 s when injected at a pressure of 1200
psi, taking into account that at this pressure, blocks may
form, The usage of this pressure when moving on the mine's
walls and ceiling is not advised. Fluids No. 2 and 3, when
injected at a pressure of 900 psi, are only able to seal the first
4 blocks of the fracture, and the fracture would be sealed
before getting the injection fluid to the end of the fracture.
Although these fluids will be able to penetrate more into the
fracture by increasing the injection pressure, but it is clear

that in the used pressure range in this simulation, it is not
possible to use them.

Fluids 4 and 5, are able to reach the end of the gap very
quickly (less than 2 s) when injected at 900 psi. This shows
that they can be injected into the gaps with a lower flow rate
and pressure. In the next section, the feasibility of using
these two fluids at lower pressures will be investigated.

Fluids 6 to 9, fill only the first two blocks of the fracture
when injected at 900 psi, indicating that these four fluids are
not suitable for this simulation.

3.4 Selecting the best injection pressure for fluids
no.4 and 5

Table 24 shows that fluids 4 and 5 may also be employed
in this simulation with lesser injection pressure. To do this,
the minimal injection pressure needed to close the crack was
calculated by gradually lowering the injection pressure for
these two fluids. At a pressure of 60 psi, Fluid No. 5 may be
readily injected into the crack, and it will take no longer than
83 s to completely seal it. The following table displays the
injection time of fluid No. 5 at a 60 psi injection pressure:

In the case of fluid No. 4, as shown in Table 25, the mini-
mum injection pressure to seal the fracture is 30 psi.

4 Results

The simulation yielded several significant outcomes,
including:

1. A new method was proposed to model the fracture and
the surrounding rock when the fluid moves radially, pro-

@ Springer



Iranian Journal of Science and Technology, Transactions of Civil Engineering

viding a more accurate representation of the physical
processes involved.

2. The rain optimization algorithm was used to solve the
created model with high accuracy, demonstrating the
effectiveness of meta-heuristic methods for solving
numerical models.

3. The viscosity of the injected fluid was considered as a
function of time, and nine different fluids with varying
viscosity models were used to simulate the fluid injec-
tion process. A method was also developed to locate the
front of the injection fluid.

4. Only three of the nine fluids used in the simulation (flu-
ids 1, 4, and 5) were able to effectively seal the modeled
fracture, while the remaining fluids were stopped before
reaching the end of the fracture.

5. Fluid number 1, when injected into the fracture at a pres-
sure of 900psi, was able to almost completely seal the
fracture and halt the movement of water. In contrast,
fluids 4 and 5 were able to achieve similar results at
much lower pressures (60psi and 30psi, respectively).
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