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Abstract
The main purpose of this study is to determine the appropriate grouting pattern for sealing the fractures of the Kerman 
Water Conveyance Tunnel (KWCT) using the discrete fracture network-discrete element method (DFN-DEM) and analyti-
cal approaches. In the first stage, nine DFNs were generated with different fracture densities. Following that, the hydraulic 
conductivity values were calculated to determine the representative elementary volume (REV) of a geological section of 
the KWCT. The grout’s effective radius in the optimal size blocks was then determined. Analytical models based on joint 
features and different rheological properties of the grout were also used to evaluate the grout penetration length. Finally, 
the most suitable patterns of grouting boreholes in rock masses with low and high fracture densities at a pressure of 24 bar 
were obtained by borehole arrangement with angles of 60° and 45°, respectively. These patterns were effectively used as the 
optimal injection arrangement in a zone of the KWCT that was at high risk of water inrush. Following the grouting, some 
core samples were drilled to assess the grouting efficiency and check the condition of the solidified grout in the rock mass 
cracks. According to the observations, the proposed arrangements were extremely efficient.

Keywords  Grout injection · DFN-DEM approach · Rheological properties · REV

Introduction

High water inflow may lead to difficult construction and 
working conditions in tunneling. Grouting has been widely 
used to reduce water inflow into rock masses for decades 
[1]. Among these, grout injection has played a vital role in a 
wide range of underground projects for different purposes. 
For instance, grouting can be essential in tunnel construction 
to enhance the stability of a tunnel by improving the stiffness 
of the surrounding rock mass and reducing the hydraulic 
conductivity and water inflow that may threaten the stability 
[2, 3]. Furthermore, poor TBM performance is a result of 

groundwater inflow problems caused by excavation in the 
mixed ground [4–6].

Grouting performance is influenced not only by the rock 
mass properties and geological conditions but also by the 
grout material and grouting process [1]. In the meantime, 
selecting the appropriate injection pressure, the optimal 
spacing of the injection holes, and generally, the appropri-
ate pattern of injection holes are all parts of the design of a 
proper injection operation. The performance of grout injec-
tion can be intensely dependent on the joint conditions sur-
rounding the rock mass [7]. When the individual joint is 
poor due to low intensity, short length, and low permeability, 
injection results are unsuitable because the designed injec-
tion zone is not filled with injected grout. In contrast, when 
a joint set is predominantly developed in a certain direction, 
the injected grout may not penetrate optimally through the 
connected joints in the designed injection zone. Therefore, 
injection performance is uneconomical [2, 8].

Various studies have been carried out to investigate 
grout propagation and determine the effective radius of 
the grout. Butrón et  al. [9] have presented a new pre-
excavation grouting method using water pressure tests 
(WPTs) and pressure–volume time (PVT) recordings for 
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the permeation grouting to reduce the water inflow into 
a railway tunnel. Their proposed method successfully 
reduced the transmissivity and improved rock characteri-
zation. Saeidi et al. [10] carried out a numerical simu-
lation to predict grout flow and penetration length into 
the jointed rock mass using UDEC software. Mortazavi 
and Maadikhah [11] investigated the effects of important 
factors on the grout flow in rock masses by numerical 
method. Their results show that grout penetration depth 
increases with increasing joint aperture, normal stiffness, 
and grouting pressure. In contrast, the grout penetration 
depth decreases with increasing in situ stress and pore 
water pressure. Mohajerani et al. [12] developed a com-
putationally efficient algorithm to model the fluid grout 
propagation in 2D DFNs. Zou et al. [13] investigated the 
cement grout propagation in water-saturated 2D DFNs by 
extending a two-phase flow model for Bingham fluids in 
a single saturated fracture. It was found that the network 
structure and hydraulic variability significantly affect the 
grout propagation in 2D DFN systems.

In general, based on the literature review, it has been 
determined that there is still no documented method that can 
calculate step-by-step the optimal arrangement of injection 
holes in the grout injection operation in the tunnel. Hence, 
this paper attempted to determine the grout’s effective radius 
and the suitable arrangement of injection boreholes in the 
Kerman Water Conveyance Tunnel (KWCT) project using 
the DFN-DEM and analytical approaches. The reason for 
using these approaches is the highly jointed environment of 
the KWCT. Additionally, all previous studies show that the 
grout propagation in rock joints and the prediction of grout’s 
penetration length have been the topic of many investiga-
tions. With regard to the grouting design, it is beneficial 
to have an accurate assessment of the grout’s penetration 
length in order to design a suitable arrangement of the grout 
injection boreholes. Additionally, in this work, the analytical 
solution was used to calculate the grout’s penetration length 
in joints. Finally, field observations and measurements in 
a hydrogeological zone of the southern lot of KWCT were 
used to better understand the results of the proposed arrange-
ment of injection boreholes and real-world conditions of the 
grouting process. In this research, the appropriate arrange-
ment of injection boreholes has been systematically analyzed 
using three approaches, such as numerical, analytical, and 
field observations, and it has been tried to be more complete 
than in previous studies.

Research Methodology

In this study, five steps were followed to determine the suit-
able arrangement of injection boreholes in the KWCT.

•	 First, the hydraulic conductivity and the representative 
elementary volume (REV) size of the rock mass in the 
KWCT project were investigated using the DFN-DEM 
approach.

•	 After determining the REV size of the numerical models, 
the cement grout propagation and the effective radius in 
fracture networks were analyzed.

•	 In addition to numerical simulations, the grout penetra-
tion length has also been investigated by analytical solu-
tions.

•	 The injection boreholes pattern on the KWCT segment 
was designed using the grout's effective radius.

•	 Finally, the proposed arrangement's efficiency was evalu-
ated in one of the tunnel's southern lots, which was faced 
with a water inrush.

The workflow in this study is also shown in detail in 
Fig. 1.

Numerical Solution of Cement Grout Propagation 
in the Jointed Rock Mass

Determining the grout’s effective radius is one of the most 
significant challenges in designing the grout injection pro-
cess. So far, some experimental studies have been performed 
to simulate grout penetration length in single fractures 
[14–16]. However, due to the complex networks of the rock 
mass including fractures with random distributions, it is 
impossible to determine the grout’s effective radius using 
experimental methods. In this regard, the discrete fracture 
network (DFN) model has been applied to simulate ground-
water flow and solute transport in fractured rocks both in 
2D and 3D [13].

Numerical methods can be a good tool for modeling the 
actual fluid flow in the rock mass with complex fracture net-
works. Accordingly, various researchers have always consid-
ered numerical methods in injection studies in the rock mass. 
In recent years, various numerical methods have been used 
to model grout injection. In the meantime, the DEM method 
can analyze the fluid flow and cement grouting simulation 
through the fractures of a system of impermeable blocks. 
Therefore, the required parameters for tunnel injection oper-
ations, such as grout’s effective radius, borehole spacing, and 
finally, the appropriate pattern of grout injection boreholes, 
can be determined by generating discrete fracture networks 
(DFN) of rock mass and using discrete element software 
(DFN-DEM approach).

Determination of REV in 2D DFN Models

Due to the fact that the large-scale in situ tests are diffi-
cult and time-consuming and there are also limitations in 
experiment equipment, the numerical methodology should 
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be taken into account as a remedy. One useful technique to 
represent the overall equivalent properties of fractured rocks 
in field scales is to use the concept of the representative ele-
mentary volume (REV) [17]. Hence, determining the REV 
of the jointed rock mass based on its hydraulic conductivity 
is the first step in simulating grout flow and estimating its 
effective radius. To calculate the flow rate, the hydraulic 
conductivity, and then the REV size of jointed rock mass, 
it is necessary to first create a discrete fracture network that 
can express the geometric properties of the fracture.

The stochastic DFN approach is one of the crucial tech-
niques widely used in rock engineering studies. The general 
stochastic DFN approach assumes fractures to be straight 
lines (in 2D) or planar disks/polygons (in 3D) and treats the 
other geometrical properties (such as position, frequency, 

size, orientation, and aperture) as independent random vari-
ables [18].

The stochastic DFN models were generated by 3DEC 
software to represent the fractured rock masses in the first 
stage of this research, and the generated geometry was then 
used to create a DEM model for numerical analyses using 
the UDEC code. In other words, 2D-DFN models were 
extracted from 3D-DFNs to determine the hydraulic con-
ductivity of rock mass.

Fractures that do not affect the calculation of the proper-
ties and behavior of the rock mass and are known as “non-
persistent” fractures are deleted in UDEC software after the 
generation of joints in DFN models. In other words, the DFN 
models were regularized before the analyses by removing 
isolated and dead-end fractures.

DFN generation with different 
fracture densities using 3DEC

DFN-DEM approach Analytical solution Field observations

Creation of 2D cut plane DFNs 
using UDEC

Determination of the REV size 
for grout flow analyses

Assigning grouts with different 
rheological properties in models 

and solving them

Determination of the grout's 
effective radius in DFN models

Geometric analysis to estimate 
the suitable arrangement of 

injection boreholes

Gustafson and Stille model 
(2005)

Determination of relative 
grouting time based on different 

grouting time and grout 
rheological properties

calculation of relative grouting 
penetration based on relative 

grouting time, 

calculation of maximum grout 
spread based on different values 
of effective grouting pressure, 

grout rheological properties and 
joint hydraulic aperture, 

calculation of grout's 
penetration length for each joint

max

ID

max

Selection of critical zone of 
tunnel

Performing the injection 
operations with the proposed 
arrangement of injection holes

Monitoring the core samples 
after injection operations

Grout injection process

Fig. 1   Flowchart of applied methodology
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After regularization of the DFN models, the hydraulic 
aperture values are assigned for each individual fracture, 
and the mass continuity equations are then established at 
the fracture intersections for fluid flow between intersec-
tions. Since the purpose of the calculations in this study is 
to evaluate the directional permeability of the DFN mod-
els, steady-state flow with a generic hydraulic boundary 
condition with the constant hydraulic gradient in the x and 
y-directions is assumed (Fig. 2) [19].

Darcy’s Law can be used to determine the equivalent 
permeability (hydraulic conductivity) tensor of the cut 
plane after preparing the DFN models [Eq. (1)].

where Q is the flow rate vector, K is the permeability tensor 
(hydraulic conductivity), ΔH is the head gradient vector, 
and A is the width that the fluid flows through. Also, q = Q/A 
is the flow rate through a unit cross-sectional area. Thus, 
Darcy’s Law can be rewritten as Eq. (2).

Finally, from matrix theory, the permeability tensor can 
be then obtained from Eq. (3). The details of calculation 
for fluid flowing in 2D DFNs are described in the previous 
work of Zhang et al. [20].

(1)Q = K.A.ΔH

(2)q = K.ΔH

Theoretical Background on Grout Flow in Joints in 2D DFN 
Models

In the current study, UDEC is employed to simulate grout flow 
through joints. UDEC is a 2D numerical program based on the 
distinct element method. In general, the UDEC code is suitable 
when the flow is mainly governed through a network of joints.

The flow of a Bingham body (or liquid), such as cement 
grout, is of the viscoplastic type. The major difference between 
this model and that of a Newtonian liquid is that, for a Bing-
ham fluid, yield stress ( �0 ), must be exceeded to initiate flow. 
To simulate the viscous grout fluid, the Bingham flow model 
was employed in this study. In UDEC, fluid flow governing 
equations for steady laminar flow of a Bingham fluid was cal-
culated based on Buckingham’s equation [21] for a rectangular 
channel as Eq. (4).
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Fig. 2   Boundary conditions for the determination of the hydraulic conductivity of the fractured rock mass
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where Q is the flow rate per unit width of the joint, � is 
the viscosity of Bingham fluid, and ΔP/L is the pressure 
gradient.

Analytical Solutions of Cement Grout Propagation 
in the Jointed Rock Mass

In addition to the DFN-DEM approach, analytical solutions 
can be used to investigate the grout’s effective radius and 
consequently the reduction of water inflow into the tun-
nel. The expected water inflow to a tunnel is dependent 
on geometry, location, water pressure, rock mass geologi-
cal, hydrogeological conditions, thickness, and hydraulic 
conditions of the grouted zone. The inflow could be cal-
culated using Eq. (5) for deep tunnels without a grouted 

zone (deep-located tunnel: the tunnel is located more than 
approximately 3–4 times the tunnel diameter). In addition, 
in tunnels with a grouted zone, the inflow is affected by the 
grouted zone’s conductivity Kg as well as the thickness of 
the grouted zone (I). The inflow could then be calculated 
with Eq. (6). Finally, Eq. (7) has been used to calculate the 
required sealing effect (SE) [22].

(5)qungrouted =
2 × � × K

Ln
(

2×H

Rt

)
+ �

(6)qgrouted =
2 × � × Kg × H

Ln
(

Rt+I

Rt

)
+

Kg

K
× Ln

(
2×H

Rt+I

)
+

Kg

K
× �

Fig. 3   Water inflow into the section of KWCT​

HG0: 0 - 1+405 HG1: 1+405 – 2+091 HG2: 2+091 – 6+713Southern lot: HG3: 6+713 – 8+198 HG4: 8+198 - 9+769

HG6: 11+338 - 14+877 HG7: 14+877 – 16+559 HG8: 16+559 – 18+279 HG9: 18+279 – 19+000

HG10: 19+000 – 20+870 HG11: 20+870 – 23+122Northern lot: HG12: 23+122 – 24+852 HG13: 24+852 – 26.364 HG14: 26.364 + 27+734

HG15: 27+734 – 27+951 HG16: 27+951 – 28+451 HG17: 28+451 – 29+978 HG18: 29+978 – 30+424

HG5: 9+769 – 11+338

HG19: 30+424 – 31+543
HG20: 31+543 – 33+140 HG21: 33+140 – 37+838

Fig. 4   Profile of the interaction with surface water in the KWCT project
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where q: Flow per meter of the tunnel [m3/s] K: Initial 
hydraulic conductivity [m/s]. H: Water pressure [m]. Rt : 
Radius of the tunnel [m]. � : Skin factor (For engineering 
purposes, a value of 2–5 for tunnels is recommended [23]) I: 
Thickness of the grouted zone [m]. Kg: Hydraulic conductiv-
ity of the grouted zone [m/s].

Also, the penetration length of the cement grout in a joint 
can be calculated with the analytical solution of Gustafson 
and Stille [24]. The earliest version of the analytical solu-
tion to determine the penetration length [Eq. (8)], does not 
provide realistic results. Because the calculated penetration 
length was based on an infinite time. While in the injection 
operation in the tunnel, the grouting time in the boreholes is 
limited. Therefore, Gustafson and Stille [24] modified their 
analytical solution to provide a more realistic estimate for 

(7)
Sealing Effect (%)

= 100 ×
Inflowwithout grouting − Inflowwith grouting

Inflowwithout grouting
.

grout penetration length by incorporating the concept of 
characteristic grouting time (t0) as a key parameter for grout 
injection. They defined the relative penetration length (ID) 
and the relative time ( tD ) using Eqs. (9)–(11). Therefore, 
after determining the ID and tD , the penetration length of 
each joint is calculated using Eq. (12). Finally, it can be con-
cluded that the penetration length is a function of different 
rock mass and grout properties where it may be expressed 
as Eq. (13).

Equations (7)–(10)
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Fig. 5   Core samples of the drilled boreholes in the zone HG11

Fig. 6   The relevance between e, E, and JRC values [34]
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where I is the actual penetration length, Imax is the maximum 
penetration length, ΔPg is the effective grouting pressure 
( ΔPg = Pg − Pw),eh is the effective hydraulic aperture of the 
joint, em is the mechanical or physical joint aperture, �0 is 
the yield shear strength, t is the actual grouting time, and �g 
is the grout viscosity.

Case Study Features

The Kerman water conveyance tunnel project in the south-
east of Iran, Kerman province, at a base level of ~ 2370 m 
and length of ~ 38 km, is one of the longest tunnels in the 
volcanic area in the world. This tunnel has a total length 
of 37.9 km and comprises a northern 18.9 km length and a 
southern 19.0 km portion [25].

The KWCT project aims to provide part of the required 
water for Kerman city from Safa Dam to Kerman city. 
This tunnel is divided into two lots, southern and northern, 
with the finished diameters and boring diameters of 4.5 m, 
5.275 m, and 3.9 m, 4.665 m, respectively. The boring of 
these two lots has been done with two double-shield TBMs. 
The tunnel is circular, with a maximum overburden point of 
940 m in the tunnel’s central area.

(13)I = f
[
eh
(
em, JRC

)
, ΔP, t, �g, �0

]

The Problem in the KWCT Project

Groundwater is one of the essential factors in the design and 
stabilization of tunnels. Nowadays, estimating the groundwa-
ter flow rate into tunnels is of particular importance. Water 
can flow into the tunnel on the tunnel face and between the 
segments [see Fig. 3(a) and (b)]. The water inflow of the 
tunnels will cause numerous problems for the personnel, 
machinery, wall stability, and tunnel roof. Undoubtedly, the 

Table 1   Rock and fracture parameters

Property Value

Intact rock
 Density �R = 2200 kg/m3

 Elastic modulus ER = 3 GPa
 Poisson’s ratio �R = 0.32
 Tensile strength �tR = 3 MPa
 Cohesion CR = 16 MPa
 Friction angle ∅R = 41°

Fracture
 Normal stiffness JK

n
 = 10 GPa/m

 Shear stiffness JK
s
 = 10 GPa/m

 Friction angle ∅j = 30°
 Initial aperture a

0
 = 2 mm

 Residual aperture a
res

 = 0.1 mm

Fig. 7   Calculated values of 
hydraulic apertures based on 
values of em and JRC
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inflow of water into tunnels under construction is one of the 
issues that may have destructive effects on drilling opera-
tions (for example, reducing drilling rates) and ultimately 
affect tunneling activity. Therefore, it is necessary to predict 
the location and amount of water inflow into the tunnel and 
make arrangements to deal with it. So, groundwater control 
in both tunnel construction and operation stages is one of 
the most critical tunnel design and control challenges. As 
shown in Fig. 4, there is a high risk of surface water inter-
action along the KWCT route in three sections. However, 
the risk of colliding with surface water is the greatest from 
22 to 23.5 km (zone HG11). Therefore, in this study, the 
selection of a suitable injection pattern in this section has 
been investigated. The hydrogeological status has also been 
investigated in order to determine the high-risk zones along 
the tunnel route. The information from drilled boreholes in 
the study area was used to investigate the groundwater sta-
tus and hydrogeological conditions. Therefore, the tunnel 
route’s northern section was divided into 12 hydrogeological 

zones. Finally, high-risk zones were introduced along the 
tunnel route where water inflow is more likely.

Geomechanical Properties of Rock Mass

The design of an injection operation, including selecting the 
appropriate grout, injection pressure, spacing, direction of 
injection boreholes, and in general, the optimal pattern of 
injection boreholes depends on the geo-mechanical charac-
teristics of the injection environment. According to the geo-
logical and geotechnical investigation (borehole, core log-
ging, and laboratory testing), the rock masses in the KWCT 
route have been classified as consisting of 21 lithography 
types in both lot 1 and lot 2. Core samples from drilled bore-
holes have been used to determine the intact rock proper-
ties. Figure 5 shows core samples from drilled boreholes in 
zone HG11 at various depths. Furthermore, the values of 
the intact rock and fracture properties are listed in Table 1.  

Mechanical and Hydraulic Apertures of Joints

One of the most important parameters in grout injec-
tion operations in tunnels is the hydraulic aperture. The 
mean hydraulic apertures (eh or e) will need conversion 
to mean mechanical apertures (em or E) using estimates 
of the small-scale roughness JRC. The relevance between 
mechanical and hydraulic apertures and JRC values is pre-
sented in Eq. (14) [26, 27]. The curves illustrated in Fig. 6, 
show the predicted relation between (em/eh) and hydraulic 
aperture (eh) for different values of JRC.

In this study, the mechanical apertures and JRC of 
the joints in zone HG11 of KWCT are in the range of 
0.5–5 mm and 4–13, respectively. Therefore, to determine 
the grout penetration length in the joints using analytical 
methods, the values of hydraulic apertures must be deter-
mined according to Eq. (14). As shown in Fig. 7, hydraulic 
apertures have been calculated for each joint using speci-
fied em and JRC values. As a result of the calculations, 
joints with a mechanical aperture of 5 mm and a JRC of 4 
have the highest hydraulic aperture values.

Grout Material Properties

The most common grout mixture to seal the rock and soil is 
cement-based material. In rock grouting, the most important 
factors of penetration grouting include a water-to-cement 
ratio (W/C), yield value, the grain size of cement paste, vis-
cosity, and setting time [10, 28]. Grout rheology behavior 

(14)eh=
em

2

JRC2.5

Table 2   Three mixing designs of grout for the analyses of grout pen-
etration length

Properties Design

A B C

W/C ratio 1:1 0.8:1 0.5:1
Cement weight (Kg) 750 800 1212
Water (Lit) 750 640 606
Bentonite (Kg) 35 35 35
Density (Kg/m3) 1535 1675 1853
Viscosity (Pa s) 0.007 0.015 0.027
Yield shear strength (Pa) 3 8.3 23.2

Table 3   Used empirical equations to determine the injection pressure 
in the KWCT (equations adopted from [19])

Criteria Equation Value (bar)

Leepald P = 36.765 × 10−3 × H 2.6
American criteria P = 0.025 × H 1.75
European criteria P = 0.1 × H 7
Weaver P = 22.62 × 10−3 × H 1.6

Table 4   Fracture parameters used for 3D-DFNs generation

Joint set Dip
D (°)

Dip direction
DD (°)

Fisher’s constant
K (%)

Fracture intensity
P20 (m−2)

1 71 185 4.24 0.4, 0.8, 1.2
2 36 304 9.61 0.4, 0.8, 1.2
3 60 84 10.83 0.4, 0.8, 1.2
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plays a vital role in the injection process because it deter-
mines the relationship between pressure and flow rate.

Grout flow has been widely simulated using a Bingham 
fluid model which is characterized by yield shear strength 
and dynamic viscosity. In this kind of fluid, the yield shear 

strength has to be overcome to initiate flow such that the 
grout behaves as a rigid body at low stress but starts to flow 
as a viscous fluid at high stress [2, 29]. The rheological fea-
ture of the grout is a function of the type of cement and the 
water-to-cement ratio. A specific behavioral model must be 

(a) P20 = 0.4 m−2

Realization 1 Realization 2 Realization 3

(b) P20 = 0.8 m−2

Realization 1 Realization 2 Realization 3

2noitazilaeR1noitazilaeR Realization 3

(c) P20 = 1.2 m−2

X

Y
Z

Fig. 8   Different realizations of the discrete fracture network for a P20 = 0.4 m−2, b P20 = 0.8 m−2 and c P20 = 1.2 m−2
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considered for the scope of application of each type of grout 
material. Three mixing designs are considered for numerical 
and analytical analyses in this study (Table 2). As shown 

in this table, three different mixing designs, have different 
properties, such as water-to-cement ratio, viscosity, and 
yield shear strength.
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Fig. 9   Extracted DFNs from the 3D model and transformed in the UDEC with different fracture densities
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Grout Injection Pressure

The grouting pressure is the most critical technical param-
eter that affects the grouting process [11]. The maximum 
acceptable amount of grouting pressure is introduced as 
the allowable pressure, which must always be less than the 
allowable pressure during the injection operation. Because 
of the complicated equations that govern the environment, 
determining this parameter for each section is practically 
impossible. Hence, it is usually obtained from empirical 
relationships [19]. So, the equations and graphs provided 
by various researchers, which are determined based on the 

depth of the injection boreholes, were used to select the 
appropriate injection pressure. After using the mentioned 
equations to determine the injection pressure, an average 
estimate of the values obtained in the studied zone was 
proposed and used in numerical and analytical solutions.

The depth required for injection varies based on the 
amount of water leakage. The borehole depth in areas 
where water leakage is not high is 4 m. In areas where 
leakage water inflow into the tunnel is high (collision with 
fault and crushed areas or groundwater aquifers), accord-
ing to the diameter tunnel of 4.66 m in the northern part, 
the length of injection holes can be considered up to 7 m 
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Fig. 13   Propagation pattern in fracture networks with F.D = 0.4
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(≈1.5 Dtunnel ). Because the distance of the injected grout 
pressure from the tunnel wall does not cause damage to 
the segments installed in the tunnel wall. When there is not 
much water leakage, and the depth of the injection hole is 
4 m, the entire length of the hole can be injected at once 
by installing a packer in the hole. However, when there is 
a lot of water leakage, and 7 m holes are drilled for injec-
tion, the length of the hole is divided into two sections of 
3 m and 4 m. The first 3 m of the hole, which is close to 
the surface, will be injected with low pressure and the last 
4 m of the hole with higher pressure.

The injection pressure has been calculated using different 
equations, ranging from 1.2 to 7 bar, based on the length 
of injection boreholes for sealing injection in zone HG11 
of the KWCT (see Table 3). As shown in this table, the 
maximum injection pressure is obtained based on European 
criteria. For injection boreholes with a depth of 7 m, the 
average injection pressure of about 4 bar has been consid-
ered for use in numerical and analytical solutions. Addi-
tionally, the water pressure should be considered 20 bar in 
zone HG11 of the northern lot of the tunnel. Therefore, the 

injection pressure should be greater than the water pressure 
( Pg>20 bar). For this purpose, 24 bar (4 + 20 bar) has been 
applied to overcome hydrostatic pressure in numerical and 
analytical solutions.

Results of DFN‑DEM Numerical Analysis

Generation of DFN Realizations Using the Stochastic 
Approach

To reduce the random effect, discrete element method 
(DEM) softwares including 3DEC version 5.0 and UDEC 
version 6.0 were used to stochastically generate various 
DFN realizations. In this study, the location and orientation 
of fractures were determined using the uniform and fisher 
distribution functions [30]. The largest and smallest frac-
ture lengths and length distribution exponent (ɑ) were used 
based on the power-law distribution to be 100 m, 1 m, and 
3, respectively. A total of nine different fracture network 
realizations were generated using three fracture densities 
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Fig. 14   Propagation pattern in fracture networks with F.D = 0.8
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of 0.4 m−2, 0.8 m−2, and 1.2 m−2. The basic properties of 
fractures of zone HG11 in the KWCT are shown in Table 4. 
The different realizations of the fracture networks randomly 
generated at different densities are shown in Fig. 8.

In addition to the random effect, the uncertainty associ-
ated with the boundary effect of the fracture network must 
also be reduced. For this purpose, to evaluate the equivalent 
hydraulic behaviors, the effect of model size on the equiva-
lent permeability of fracture networks should be estimated 
based on the concept of Representative Elementary Volume 
(REV). The hydraulic REV for fractured rocks defines the 
minimum volume of a sampling domain beyond which the 
permeability of the sampling domain remains largely con-
stant [17]. Hence, when the sizes of DFN models are higher 

than their REVs, the equivalent properties will become 
scale-independent.

Using 50 m as the block side length, Fig. 9 shows the 
generated DFNs extracted from the 3D model in 3DEC 
and transformed into the 2D model in UDEC. In 3DEC 
software, the joints can be cut and extracted in the desired 
direction by considering the dip and direction of the cut-
ting plane. In this study, all joint cutting planes have been 
extracted in the Dip = 90° and Dip Direction = 0°.

Calculation of the Hydraulic Conductivity and REV 
Size in the 2D Cut Plane

Many studies have shown that the permeability of the jointed 
rock mass is completely dependent on the REV size of the 
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Fig. 15   Propagation pattern in fracture networks with F.D = 1.2



International Journal of Geosynthetics and Ground Engineering (2023) 9:19	

1 3

Page 15 of 24  19

fracture network [19, 30, 31]. So, determining the REV size 
is the first step in the hydraulic analyses of the rock mass. 
In other words, it is necessary to determine the optimal size 
of the blocks to determine the hydraulic properties of the 
rock mass using DFN analysis. This work is done using the 
generation of different realizations.

After generating suitable models using the DFN-DEM 
approach and applying hydraulic boundary conditions, 
the hydraulic conductivity of the rock mass is calculated 
according to Darcy’s law. Blocks of different dimensions 
were examined to eliminate the scale effect on the values of 
hydraulic properties. For 2D models, the dimensions of the 
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Fig. 17   Variation of grout 
penetration length with respect 
to the aperture, viscosity, yield 
value, and injection time; ΔP = 
4 × 105 Pa, JRC = 8
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(a) (b)

(c) (d)
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Fig. 18   Variation of grout penetration length with respect to the JRC, aperture, and injection time; ΔP = 4 × 105 Pa, �g = 0.007 Pa s, �
0
 = 3 Pa
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blocks with side lengths of 10, 15, 20, 25, 30, 35, and 40 m 
were extracted from the blocks of 50 m.

Figures 10, 11, 12 show the results of calculated values 
of permeability elements Kxx and Kyy from the nine ran-
dom realizations with different fracture densities at differ-
ent model sizes. The calculated permeability components 

become smaller as the model size increases, and the per-
meability values maintain constant ranges after a specific 
size. As can be seen, after 30 m, the permeability values in 
both the x and y directions begin to approach each other, 
and the values of Kxx and Kyy take a constant trend. Hence, 
this size can be approximated as the REV size for future 
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Fig. 20   Calculated sealing effect for grouted KWCT project (H = 200 m, Rt = 2.33 m, � = 3, initial conductivity = 1 × 10–6 m/s, and allowable 
inflow = 120 Lit/min/100 m)



International Journal of Geosynthetics and Ground Engineering (2023) 9:19	

1 3

Page 19 of 24  19

analysis, including the effective radius of the grout and the 
suitable pattern of the injection boreholes in zone HG11 of 
the KWCT project.

Grout Propagation and Determination 
of the Effective Radius

In this section, the results obtained from the numerical 
simulation of the grouting process of zone HG11 are pre-
sented. The required parameters of the injection process 
must be determined before modeling the cement propaga-
tion and calculating its effective radius in the jointed rock 
mass. The most important parameters for estimating the 
effective radius in numerical modeling are determining 
the grouting pressure and selecting the cement grout mix 
design.

The purpose of these simulations is to obtain the 
injected grout's propagation so that the two adjacent injec-
tion boreholes overlap each other to achieve sealing. For 
this purpose, the grout injection process was simulated 
in nine separate fracture networks with different fracture 
densities (F.D) in 30 × 30 m2 dimensions, with an injec-
tion borehole in the center of the models with a diameter 
of 56 mm and 24 bar injection pressure.

As shown in Figs. 13, 14, 15, the grout propagation in 
the rock mass decreases as the fracture density of the frac-
ture networks increases. In other words, the grout effective 
radius decreases as the number of fractures increases. It 
should be noted that in numerical simulations, the effective 
radius increases with the increasing number of numeri-
cal cycles until the effective radius number of the cycles 
curve is fixed. As shown in Fig. 16, the maximum effective 

Fig. 21   Determination of the angle between adjacent injection holes on a concrete segment
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radius values of the grout in fracture networks with frac-
ture densities of 0.4, 0.8, and 1.2, are about 10 m, 8 m, and 
5 m, respectively. However, with increasing fracture den-
sity, the grout penetration area becomes more symmetri-
cal. Therefore, with the symmetry of the grout penetration 
area, it can be said that the grout injection operation is 
more suitable in terms of performance. Furthermore, the 
amount of grout pressure applied in the holes decreases 
radially around the injection holes in their center.

Determination of Length of Grout Penetration 
by Analytical Solutions

In addition to the DFN-DEM approach, the analytical solu-
tion of Gustafson and Stille [24] was used to further inves-
tigate the grout penetration length [Eqs. (9)–(13)]. The 
majority of the joints in the HG11 zone of KWCT were in 
the 1–5 mm range, and analyses were done on these aper-
tures (joints are in the open and moderately wide classes 
based on ISRM standard [32]. Also, three types of grouts 
with different W/C ratios (or different viscosities and yield 
values) were used in the analyses. Grouts with W/C ratios 
of 0.5:1, 0.8:1, and 1:1 have viscosities of 0.027, 0.015, and 
0.007 Pa s, respectively. Figure 17(a–c) shows how progres-
sively the grout penetration length can be nonlinearly varied 
along with the mechanical aperture. Figure 17(c) also shows 
that using grouts with a lower W/C ratio (higher viscosity) 

reduces the length of grout penetration in joints. On the other 
hand, the use of grouts with a higher water-to-cement ratio 
also reduces the yield shear strength of the grout ( �0 ). As a 
result, grouts with a W/C ratio of 1:1 can be used to begin 
the injection operations and increase the grout penetration 
length. Furthermore, it is clear that the grout penetration 
length is higher in joints with larger apertures. The penetra-
tion length in the joints can also be increased by increasing 
the injection time.

The roughness and aperture of a rock joint are the most 
important factors governing fluid flow through the joint 
[10]. Roughness is an important factor in both mechanical 
and hydraulic behavior [33]. For this purpose, in this study, 
changes in grout penetration length were investigated in six 
constant apertures of 0.5, 1, 2, 2.5, 3, and 5 mm at different 
injection times and JRC values of the KWCT zone HG11, 
which ranges from 4 to 13. As can be seen in Fig. 18(a)–(f), 
the grout penetration length decreases with increasing JRC 
and is approximately constant after JRC = 8. In other words, 
these figures show that after JRC = 8, the grout penetration 
length decreases with a smaller slope. Therefore, it can be 
concluded that in KWCT zones where JRC values are less 
than 8, the injection time can be increased to increase the 
grout penetration length.

After determining the grout penetration length using 
numerical and analytical solutions, the sealing effect can be 
evaluated based on different grout penetration lengths. This 
was accomplished using Eqs. (6)–(8). Figure 19 shows the 
predicted amount of water inflow into the tunnel at various 
hydraulic conductivity values and different thicknesses of 
the grouted zone. As shown in this figure, creating a grouted 
zone with a thickness of 3 m will have a significant effect on 
reducing the water inflow into the KWCT. When the grouted 
zone is increased to about 6 m thick, the amount of water 
inflow into the tunnel is reduced. But injecting more than 
about 6 m will not lead to a significant reduction in water 
inflow into the tunnel and will increase the cost of injection 
operations. On the other hand, the quality of the injection 
operations can be improved by carefully executing the injec-
tion process and selecting grout with the ability to penetrate 
properly into the smallest joints. It may be necessary to use 
more expensive finely ground cement like UFC (ultra-fine) 
or MFC (micro-fine) in these cases [34]. In other words, 
hydraulic conductivities of around 10–8 m/s can be achieved 
using very fine cement. It should be noted that the allowable 
discharge rate in the KWCT project is 120 Lit/min/100 m. 
As a result, very fine cement must be used to achieve the 
permissible discharge rate in KWCT as shown in Fig. 19. In 
this case, by injecting a grout with a thickness of 5 m into 

Fig. 22   Some methods of evaluating the efficiency of rock mass 
grouting in the tunnel
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the tunnel, the discharge rate into the tunnel is reduced to 
less than 60 Lit/min/100 m.

Figure 20 shows the sealing effect (SE) for different 
grouted zone thicknesses. As shown in this figure, the seal-
ing effect values increase with the increasing thickness of 
the grouted zone and are nearly constant from one thick-
ness onward. Furthermore, the sealing effect is exceed-
ing 90% from a grouted zone thickness of approximately 
5 m onwards in order to obtain hydraulic conductivity of 
roughly 10–8 m/s. In this case, it can be said that the injection 
operation was of high quality. However, as demonstrated in 
Fig. 20, achieving a larger sealing effect at a hydraulic con-
ductivity of 10–7 m/s is difficult.

Determination of the Suitable Injection 
Arrangement

The angle between two adjacent injection boreholes can be 
calculated after determining the grout’s effective radius in 
fracture networks with various densities. Injection boreholes 
should be located on a segmental ring of the KWCT based 
on the grout’s effective radius. By considering the average 
effective radius of 8 m and 5 m for two adjacent injection 
holes, the angles of the first series injection boreholes can 
be determined (see Fig. 21). As a result of the calculations 
in Fig. 21(I) and (II), the drilling angles of holes in rock 

Fig. 23   Actual values of water inflow into the tunnel in the southern portal and water inrush into the tunnel
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masses with fracture densities of 0.4 and 0.8 are approxi-
mately 70.71° and 66.4°, respectively. However, due to some 
overlaps in the design of the injection borehole arrange-
ment, it is suggested that the injection holes be angled at 
60°. The injection boreholes on a ring of the concrete seg-
ment were also placed according to the obtained optimal 
angle, as shown in Fig. 21. As can be seen in this figure, in 
rock masses with fracture densities of 0.4 and 0.8, six injec-
tion boreholes with angles of 60° relative to each other are 
located on a segmental ring with a width of 1.3 m. Further-
more, the arrangement of the boreholes can be used accord-
ing to Fig. 21(III) in zones of the tunnel route where water 
inflow into the tunnel is high or there is a fault. The injection 
boreholes will overlap well with these arrangements, creat-
ing a zone in the tunnel environment and, as a result, reduc-
ing water inflow from the springs surrounding the tunnel.

In general, grouting mainly serves to improve the water-
tightness, strength, and stability of the surrounding ground 
[35]. To achieve the above goals, there are several meth-
ods for evaluating the performance of the grout injection 
process. These techniques can be divided into four catego-
ries (see Fig. 22). The first method involves evaluating the 
mechanical properties of rock samples before and after injec-
tion operations using control or check holes. For example, 
P-wave velocity and strength can be measured and justified 
before and after injection operations. The second method 
involves measuring the water discharge rate and Lugeon 
values before and after the injection operation. The injec-
tion process can also be evaluated on-site by evaluating 
the filling of cement grout in the joints and cracks of core 

samples. Finally, the injection operation can be controlled 
based on the amount of cement grout consumed and the 
injection time.

After designing the arrangement of injection holes in 
the zones with high water inflow, in order to investigate the 
proposed arrangement efficiency, the injection operations 
were studied in one of the sections of the southern lot of 
the tunnel that had a fault. During the excavation of TBM 
in the southern lot (4 + 570 to 4 + 721 km) and the collision 
with fault F22, the springs in the area were affected and 
the volume of water inflow into the tunnel increased sig-
nificantly. As shown in Fig. 23, Fault F22 in zone HG2 has 
significantly increased water inflow into the tunnel. There-
fore, the injection was performed to reduce the water inflow 
into the tunnel. According to the proposed arrangement, the 
injection operation was performed in the studied section. 
Figure 24 shows some rock core samples before and after 
grouting. After the grouting, some boreholes were selected 
to evaluate the grouting efficiency and to check the filling 
condition of the solidified grout in the cracks of the rock 
mass. According to pressure filtration theory [36], grouting 
can be divided into two stages, filling and saturation. Dur-
ing the filling stage, the slurry enters and fills large parts of 
the cracks. During the subsequent saturation stage, excess 
water in the slurry is injected into the smaller cracks or 
pores under the saturation pressure [37]. The bottom parts 
of Fig. 24 show that the solidified grout penetrates the cracks 
in the rock mass. During the grouting diffusion process, the 
grouting pressure replaces the initial gap width of the crack 
as the main control factor affecting the grout diffusion radius 

Fig. 24   Monitoring of the core samples from injected boreholes
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[37]. Therefore, after the injection, the grout inside the joints 
strengthened the rock mass, indicating that the injection was 
successful.

Conclusions

In the current paper, numerical modeling of the appropri-
ate arrangement of injection boreholes in the HG11 zone 
rock mass of the Kerman water conveyance tunnel (KWCT) 
project was performed using the DFN-DEM and analytical 
approaches. The grout's effective radius of a studied zone 
in the northern part of the tunnel was obtained after creat-
ing discrete fracture networks (DFNs) with different frac-
ture densities, which were also calculated with analytical 
solutions. Based on the obtained results, modeling of grout 
injection operations was performed in several stages, and 
finally, a suitable grouting pattern was designed. Based on 
the findings, the following conclusions are made:

•	 The results showed that as the block dimensions 
increased, the rate of hydraulic conductivity changes 
tended to stabilize at a constant level in blocks with 
dimensions of 30 × 30 m2. This dimension is considered 
as a representative elementary volume (REV) for future 
analyses, such as determining the grout’s effective radius 
and the suitable arrangement of injection boreholes.

•	 The maximum effective radius of the grout in fracture 
networks with fracture densities of 0.4, 0.8, and 1.2 was 
found to be 10, 8, and 5 m, respectively. By considering 
the effective radius of 10 m and 8 m for two adjacent 
injection boreholes, the angles between the two injection 
boreholes are about 60°.

•	 The angle between the two injection boreholes is calcu-
lated to be about 45° in zones of the tunnel route where 
water inflow into the tunnel is high, there is a fault, and 
fracture density is also high.

•	 In addition to numerical modeling, two analytical models 
were used to determine the grout penetration length and 
sealing effect (SE). Based on the results of analytical 
models, it was found that the optimal grout penetration 
length is about 5 m, with a sealing effect of more than 
90% in this case.

•	 Furthermore, the results of in situ injection operations 
of the southern lot of the tunnel, which was exposed to 
water inrush from the fault, were analyzed. After the 
grouting, some boreholes were selected to evaluate the 
grouting efficiency and to check the filling condition of 
the solidified grout in the cracks of the rock mass. The 
observations indicate that the proposed arrangements are 
highly efficient.

Finally, the approaches and the techniques presented in 
this study will assist other similar projects in better planning 
for sealing problems and designs.
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