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 Prediction of the length of grout penetration and assessment of the groutability 
around the boreholes in the jointed rocks have a crucial effect on the planning and 
execution of grouting. Grout distribution in jointed rocks is a function of the geo-
mechanical properties of rock mass, grout properties, and grout operational 
performance. This paper describes an analytical model based on the Newton’s second 
law, with the assumption of disk-shape model for the joints in order to calculate the 
maximum length of grout penetration in the horizontal and angled joints. It is shown 
that the proposed formulas can predict the length of grout penetration in rock masses 
with numerous joint sets as well. In order to validate the proposed model, it is 
compared with the existing analytical and empirical criteria, showing a very good 
accordance with their calculated results. Finally, the proposed analytical model is used 
to design the grout planning of a water conveying tunnel that is subjected to a heavy 
inflow. The design results in a successful filling of the vacant space behind the 
segmental lining and sealing the tunnel to stop the inrush water. These show that the 
model proposed in this paper can be successfully applied in practice. 
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1. Introduction 
Grouting is the process of injecting a grout 

compound into the empty spaces of the host rock 
mass to improve the engineering properties of the 
rocks for the short- and long-term purposes. The 
grouting operation has become a crucial part of 
many civil and mining engineering projects. 
During the investigations related to grout 
distribution and improvement of the rock behavior 
caused by grouting, the length of grout penetration 
is of the outmost important. Generally, joint 
aperture, grouting pressure, and grout mixture’s 
properties are the main parameters influencing the 
grout penetration in rock masses.  

Indeed, the joints and fractures of rock masses 
are the controlling factors of grout flow due to 
negligible penetration in voids of most rocks. In the 
recent decades, it has become clear that the fluid 
flow in rock masses under the ground surface 
mainly occurs inside the fractures [1].  Ideally, the 

joints are supposed as two smooth, parallel planes. 
Natural joints, however, have rough surfaces and 
variable apertures so the equivalent aperture 
through which the fluid can flow is smaller than 
what is measured in the field [2-7]. The grouting 
pressure is the major effective parameter in a 
grouting operation. It is usually perceived that the 
maximum penetration length is achieved as a result 
of applying the maximum pressure, and yet the 
maximum safe pressure should always be applied 
[8]. One of the most important parameters of the 
grout is its viscosity that slowly increases during 
preparation, and rapidly increases in the course of 
grouting. The initial viscosity is dependent on the 
grout composition, chosen according to the 
circumstances of the ground and the purpose of the 
operation. The interaction between the cement 
particles when water is added creates a network 
structure, which results in a non-linear relation 
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between the shear stress and shear rate, i.e. 
thixotropic behavior, which has to be overcome for 
flow initiation. This parameter, known as yield 
stress, has a noticeable effect on grout penetration 
in the joints. It is vital to know the way the grout 
propagates in the joints in order to understand its 
propagation in the whole rock mass, followed by 
assessment of its influence on the rock mass 
properties. Considering this, different researchers 
have suggested both analytical and empirical 
formulas for calculation of radius of grout 
penetration in the joints [9-15], which are 
presented in Table 1.  

Due to the complexity of the factors impacting 
the grouting and uncertainties in rock masses [16-
19], some researchers have used physical modeling 
for the investigation of grout propagation in rock 
fractures. Based on radial flow towards the outside 
of the grout, Nonveiller [19] has developed a test 
tool to measure the necessary grouting pressure for 
grouting of joints intersecting the borehole during 
the gelation time and only for low pressures. Verfel 
[20] has presented a report on a test set with a pre-
determined distance for a radial flow. The assumed 
distance was small enough but able to be grouted. 
Afterwards, a canal-shaped test tool was suggested 
for determination of the initial grouting pressure 
[15]. Draganovic and Stille [21] have developed a 
model with a small gap between two assembled 
disks with clamps with the intention of studying the 
filtration and cementitious length of grout 
penetration. The physical modeling tools have been 
suggested as well [22]. In general, most of the 
experimental models were as two parallel planes 
with smooth surfaces.  

The principal aspects of Newtonian fluid flow 
(such as underground water) in canal structures that 
are dominant in geological formations have been 
studied both in two dimensions [23-25] and three 
dimensions [26-28]. However, cementitious 
grouts, which are usually used in engineering 
projects, are mostly non-Newtonian fluids [9, 29-
33]. Only if the shear stress exceeds the yield 
stress, then the cementitious grouts will start to 
flow. Most of the non-Newtonian fluids show a 
non-linear rheological behavior, generally known 
as the Herschel-Bulkley model [34]. This model 
consists of three parameters: yield stress, 
consistency index, k, and fluid index, n. Selection 
of the specific parameters decreases the model to 
the Binghamian model, power law or Newtonian 
models, respectively. The experimental studies 
have shown that cementitious grouts with water to 
cement ratio (w:c) between 0.6 and 0.8 are actually 
yield power law fluids [30, 32, 33, 35]. Some 

special grouts such as fine cementitious grouts with 
high water to cement ratio, w:c ≥ 1, are 
cementitious grouts modified by polymer and silica 
sol, Newtonian or power law fluids [36]. 

The length of grout penetration is clearly an 
important parameter for the assessment of the 
efficiency of a grouting operation. As well as this, 
it determines the extent of reinforcement occurred 
in rock masses [37-40]. Hässler et al. [39] and 
Eriksson et al. [41] have used a 1D pipe network 
model in order to study the flow in the fracture 
networks with constant aperture. The very 
elementary models of grout propagation applied 
parallel planes to describe the fractures. Such 
models always produce symmetrical patterns of 
grout propagation. The advantages of these models 
are relative simplicity and having analytical 
solutions for time-related flows of non-Newtonian 
fluids.  

Modification of grouting based on the model of 
Hässler et al. was made by Janson [42] and 
Dalmalm [43, 44]. The 1D fracture models were 
then developed to 2D fracture networks [45, 46]. 

As mentioned earlier, in many cases, cement 
grouts show the Binghamian fluid behavior. 
Numerous analytical solutions have been proposed 
for the Binghamian fluids. Based on the solutions 
of Hässler et al. [40, 47], Gustafson et al. [48] have 
presented a theoretical solution to grouting time as 
a function of grout penetration assuming that both 
the pump and underground water pressures were 
constant, grout properties were time-independent 
and neglecting the underground water, and 
proposed a stop criterion using the minimum 
grouting time to replace the conventional criteria 
based on the flow rate or total flow of grout. These 
analytical methods provided the theoretical basis 
for Real Time Grouting Control (RTGC) [49-51]. 
A penetrability algorithm based on an explicit 
grouting pressure algorithm for rock mass fracture 
has been presented in order to model the process 
precisely end efficiently [40]. Based on the 
truncated power law fluid and Binghamian fluid, 
numerous models have been proposed for 
numerical modeling of grout flow in a porous 
medium and rock fracture with rough walls (e.g. 
[52-54]). Amadei and Savage [55] have suggested 
an analytical solution for visco-plastic Binghamian 
materials, which may be helpful to understand the 
grout flow process in rock fractures. Considering 
the fact that most of these solutions are non-linear, 
tough equations, computer and numerical methods 
are applied to solve them. Yang et al. [56] have 
developed a numerical model based on the random 
joint network to model the Binghamian grout 
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penetration in fractured rock masses. Mortazavi 
and Maadikhah [57] and Fidelibus and Lenti [58] 
have conducted numerical studies on the important 
factors controlling the grout flow in rock masses.  

Some researchers have studied hydro-
mechanical coupling in rock fractures [59-62]. 
Several numerical methods have been proposed for 
the simulation of hydro-mechanical coupling [63-
68]. The effect of fracture deformation during the 
grouting process has been the topic of investigation 
done by the other researchers [69-71]. Another 
research work [72] has shown that if hydro-
mechanical coupling is considered, the aperture of 
larger joints will increase with grouting pressure 
increase, and the aperture of smaller joints will 

decrease due to joint interaction, resulting in a 
decrease in the penetration length in the latter 
joints. This was in contrast with the prevalent belief 
that claimed that the higher the pressure, the greater 
the length of penetration in small joints. 
Furthermore, a high grouting pressure can increase 
the risk of rock jacking and high cost [73-75]. 
These studies, have highlighted the necessity of a 
safe grouting pressure. As well as this, the 
influence of critical shear rate on the grout 
penetration has been studied [76]. In great depths, 
a grouting pressure equal to two times the 
underground water has been reported to help reach 
the required length of penetration [77, 78].  

Table 1. Equations proposed by different researchers for calculating length of grout penetration in rock joints. 
Descriptions Equations Year Reference 

Rock Joint was modeled as a pipe. R =
a ×  P
τ଴

+ r 1968 Wittke [9] 

Rock joint was modeled as an 
elliptical disk. R୥ =

b × P୥
2τ୥

+ r୥

1 + b
2τ୥

൫γ୥ − γ୵൯ sinα sinφ
 1990 Wittke [10] 

Time was entered in the formula. t୥ =
1.02 × 10ି଻ × µ୥൫R୥

ଶ − r଴ଶ൯ log ൬
R୥
r଴
൰

P୥ × wଶ  1982 Jiacai et al. [11] 

This formula is the simplified form 
of Wittke’s formula. R୫ୟ୶ =

P୫ୟ୶ ×  t
C  1985 Lombardi [12] 

This formula was obtained based on 
penetration of cement grout between 
two glass plates.  

R = ቈ
P ×  b × D

τ଴
+

Dଶ

4 ቉
ଵ
ଶൗ

−
D
2 1986 Lau and Crawford [13] 

This equation includes the number 
of joints. 

R୥ =
I

n l w
 

wଶ = 3.46 × n × l × ඨ
μ୥ − μ୵

P୥
× ටQ୥ × I 

1999 Shroff and Shah [14] 

This equation was obtained from 
dimensional analysis. R୥୨ = ቈ

μ୵
μ୥
቉× ቈ

W
H୨
቉× ቈ

P୥
γ୥
቉× ቈ

P୥ × t୥
μ୥

቉
ୡ

 2004 Majdi et al. [15] 

Rg: length of grout penetration, r0: borehole radius, w: joint aperture, Pg: grouting pressure, τ0: yield stress, γg: specific gravity of 
grout, γw: specific gravity of water, μg: viscosity of grout, μw: viscosity of water, l: length of the intersection of joint and borehole, n: number 
of joints intersecting the borehole, Qg: flow rate, I: volume of grout, φ: angle defined on ellipse plane of penetration, α: angle of joint with 
horizontal plane, tg: grouting time. 

 
Liu et al. [79] conducted a research work on the 

effect of in situ stress on the joint aperture and the 
length of penetration in fracture networks. The 
results obtained showed that the penetration 
lengths near the isotropic ones were observed in the 
cases with lower in situ stress ratio, while the 

fractured rocks in the critical stress states showed 
extremely anisotropic penetration lengths. Grouts 
tend to concentrate in the fractures with larger 
apertures under a critical stress so the length of 
penetration would be greater in them. In practice, 
the borehole density in the same direction of 
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maximum stress is smaller since the length of 
penetration is greater in this direction.  

The effect of underground water on the length of 
penetration in rock fractures and the necessity of 
taking it into consideration has been studied [80]. 
In another research work [81], it has been shown 
that with yield stress increasing, the length of 
penetration decreases substantially. Also the 
abnormalities in the joint aperture can have a huge 
bearing on the grout propagation. Lee et al. [82] 
have conducted an experimental study on the 
penetration grouting distribution around a tunnel. 
In this research work, a test tool was made using 
the umbrella method in order to simulate 
penetration of grouting around the tunnels. The 
distribution of the grout around a tunnel model and 
an artificial joint with adjustable aperture caused 
by applying given pressures, showing a direct 
relation between the joint aperture and the length 
of penetration. 

Wang et al. [83] have carried out experimental 
tests to study the effect of fracture roughness on the 
grout penetration, and the impact of grout speed on 
water bleeding. Shamu et al. [84] have proposed 
suggestions for the use of shear rate in the grouting 
design, presenting a nomogram to compute the key 
parameters for the practical purposes. Rafi and 
Stille [85] have proposed an analytical approach to 
define stop criteria that allow the spread of grout to 
a certain distance, while controlling deformations 
to the extent that ensures fracture jacking that 
ensures fracture jacking remains beneficial. 

All these studies show that the grout propagation 
in rock joints and prediction of penetration length 
have been the topic of many investigations. With 
regard to the grouting design, it is beneficial to 
have an accurate assessment of the length of grout 
penetration in order to design the suitable distance 
between the grouting boreholes and predict the 
grout volume. In addition, aside some genuine 
limitations, the mathematical models are of 
paramount significance due to their stronger theory 
and more simple application. If they are based on a 
correct basis, these models are beneficial in that 
they can give quantities with an appropriate 
accuracy. Therefore, in this work, equations for 
calculation of the length of grout penetration in 
joints are presented, based on which a criterion is 
proposed for consideration of the length of grout 
penetration in rock mass. 

2. Assumptions of problem 
Generally, the factors affecting the length of 

grout penetration in rocks can be classified as: 1) 

Rock joints characteristics such as aperture and 
roughness, 2) technical factors, among which the 
grouting pressure is the most important one, 3) 
grout properties including viscosity and cohesion. 
With the diversity of the properties and the large 
discrepancy of these factors taken into 
consideration, an analytical model for calculating 
the length of grout penetration is generally hard to 
achieve, and its application might be followed by 
some errors. Consequently, the mathematical 
models have to be based on a realistic basis. In this 
paper, the assumptions made are as follow: 

1) The joint is assumed as a planar structure with 
infinite length and width and finite and constant 
aperture. 

2) The particles’ size suspended in cement grout is 
very small compared to the joint aperture (the 
groutability ratio is very high). 

3) Grout distribution occurs in the form of a disk in 
the joint plane.  

4) The joint surfaces are smooth, without curvature, 
and there is no filling inside the joint. 

5) During the grouting process, there will be no 
change in the nature of the joint, and it will not 
undergo any deformation. 

6) The grout is incompressible, and will not reach 
its setting time. 

7) Capillary effects are ignored.  

8) The fluid flow is linear. 

9) The joint aperture is much smaller than the lateral 
dimensions. 

10) The grout fluid is Binghamian. Nevertheless, for 
simplicity and the possibility of presenting an 
explicit equation, it is assumed that the fluid 
velocity profile is parabolic. 

3. Scientific basis of problem 
During the grouting process, what causes the 

grout to move along the joint is the force applied 
by the pump. Therefore, the force that is applied in 
the opposite direction of grout movement and 
finally makes the grout stop is the friction force 
between the joint walls and the grout. Basically, at 
the maximum pressure, when the grout does not 
penetrate the joint anymore, the backlash state will 
happen. This occurs when the maximum length of 
penetration is reached. At this point, the force 
created by the shear stress at the joint wall reaches 
its peak. As a result, the pump force will not be able 
to move the grout. In other words, movement and 
stop of the grout depend on the bilateral 
performance of these two force on the fluid. In 
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addition, the Binghamian fluids will not start to 
move until an external force is applied. From this 
viewpoint, they have a similar behavior to that of 
solids. As a result, the best but simplest tool that 
can model the grout movement is the Newton’s 
second law, which is based on a strong physical 
basis, and has been widely used in fluid mechanics.  
 
 
 
 

4. penetration in a horizontal joint 
In practice, it is not intended to grout a single 

joint. However, grout propagation in a joint is the 
basis of rock mass grouting. According to the 
assumptions of the problem, the joint geometry and 
grout distribution are shown in Figure 1. In this 
case, it is assumed that the joint is located in the 
horizontal plane, and the borehole has been 
perpendicular to the center of the plane.  

  
Figure 1. Schematic depiction of geometrical mode of the joint and grout propagation inside the joint. w: joint 

aperture, r0: borehole radius, rg: maximum length of grout penetration. 

The general form of the Newton’s second law is: 

෍F = ma (1) 

In this formula, ∑ F is the resultant force, m is the 
mass, and a is the acceleration of the matter caused 
by the resultant force. In a horizontal joint, the 
force applied on the grout is the force applied by 
the pump (FP), and that resulted from the friction 
between the grout and the joint walls (Fτ). Thus: 

෍F = F୔ − Fத (2) 

The pump force can be calculated using the 
following formula: 

F୮ = 2πr଴wP୮ (3) 

where r0 is the borehole radius and w is the joint 
aperture. In order to calculate the shear force 
exerted on the grout, it is necessary to determine 
the shear stress distribution along the joint. The 
yield stress is the minimum stress that has to be 
applied on the fluid to make it move. The grouting 
pressures are always greater than the yield stress so 
the shear stress will be greater than the yield stress. 
This highlights the necessity of determination of 
shear stress distribution along the joint, which, in 

turn, is vital for calculation of the shear force 
exerted on the grout. The shear stress in the 
Binghamian fluids can be defined as: 

τ୰ = τ଴ + µ୥γ̇ (4) 

in which τr is the shear stress, τ0 is the yield stress, 
µg is the grout viscosity, and γ̇  is the parameter that 
is known as the shear strain rate or shear velocity. 
If the axis perpendicular to the joint (parallel to the 
borehole) is z-axis, the shear strain rate equals: 

γ̇ =
∂ଶu
∂z∂t =

∂u̇
∂z =

dv
dz (5) 

in which v is the grout velocity inside the 
joint. 

It is clear that as the gout propagates inside the 
joint, the shear force will increase due to the 
considerable increase of An. This is the factor that 
finally makes the grout stop. With this in mind, the 
shear force can be calculated as: 

Fத = 2න τ୰(r)dA୲

୰

୰బ
 (6) 

in which τr(r) is the shear stress distribution along 
the joint and dAt is the element of joint surface area 
on which the grout is in contact with one joint wall. 
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In order to calculate ୢ୴
ୢ୸

, the velocity distribution 
of grout inside the joint has to be determined first. 
Since the grout shows a Binghamian behavior, the 
velocity profile is as illustrated in Figure 2. As it 
can be seen, there is a region in the central part of 
the profile called the plug region. For simplicity, in 
the present work it is assumed that the velocity 
profile would be a complete parabola (similar to 

the Newtonian fluids), as shown in Figure 3. Since 
the average velocity is to be used in the present 
research work, the resultant forces will be 
calculated on the joint surface, and the length of 
penetration determines a point on the joint surface. 
This simplification is logical, and the results 
obtained will be very near to the reality. This helps 
the equations to be explicit and more user-friendly.  

 

  
Figure 2. Approximate profile of a Binghamian fluid 

velocity inside a joint. 
Figure 3. Approximate profile of a Newtonian fluid inside 

a joint. 
 

According to Figure 3, the velocity equation can 
be expressed as: 

v(z) = ൬−
4v୫ୟ୶

wଶ ൰ zଶ + ൬
4v୫ୟ୶

w
൰ z (7) 

Therefore, the shear strain rate will turn into: 
dv
dz

=
4v୫ୟ୶

w
 (8) 

vmax, which is the maximum velocity of the fluid, 
can be obtained from the average velocity, vave 
[47]. The average velocity can be calculated from 
the following formula: 

vୟ୴ୣ =
Q୥

A୬
=

Q୥

2πrw (9) 

where Qg is the flow rate. Therefore, the shear 
stress is obtained as: 

τ୰(r) = τ଴ +
6µ୥Q୥

2πrwଶ  (10) 

As a result, from Equation (6), the shear force can 
be expressed as: 

Fத = (2πτ଴)(rଶ − r଴ଶ) + (
12µ୥Q୥)

wଶ )(r − r଴) (11) 

The grout acceleration can be ignored due to its 
small quantity, so Equation (1) turns into: 
൫2πr଴wP୮൯ = (2πτ଴)(rଶ − r଴ଶ) + (

12µ୥Q୥

wଶ )(r− r଴) (12) 

Equation (12) is a quadratic equation, thus 
having two roots, and only the positive root is 
acceptable here. With this taken into account, the 

maximum length of grout penetration can be 
calculated from Equation (13): 

r୥ =
−(B) + ඥ[(B)ଶ + 4D(C + Dr଴ଶ + Br଴)]

2D  (13) 

in which: 

B =
12µ୥Q୥

wଶ  

C =  2πr଴wP୮ 

D = 2πτ଴ 

The units of all parameters included in equation 
(14) are according to the SI system. The joint 
aperture is an important parameter affecting the 
length of grout penetration in rock joints. 
According to the fact that natural joints occur with 
a wide range of apertures, the ISRM classification 
for joints [86] is used in the present work, which is 
shown in Table 2. 

Table 2. Classification for description of rock 
fractures according to ISRM [86]. 

Fracture condition Description Aperture 

Closed fractures 

Completely 
closed <0.1 mm 

Closed 0.1-0.25 mm 
Almost closed  0.25-0.5 mm 

Open fractures 
A little open 0.5-2.5 mm 
Almost open  2.5-10 mm 

Open  >10 mm 

Very open fractures 
Very open 1-10 cm 

Highly open 10-100 cm 
Cave-shaped >100 cm 
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The length of grout penetration was calculated 
for different joint aperture quantities in the range of 
o.1 mm to 10 cm, and grouts with water to cement 

ratios of 0.5:1, 1:1, and 2:1. The fluid properties 
and technical properties used in the calculations are 
presented in Table 3.  

Table 3. Grout properties and technical properties used in calculation of length of grout penetration (derived 
from [14] and [87]). 

w:c = 2:1 w:c = 1:1 w:c = 0.5:1 Parameter 
1290 1520 1840 Specific gravity (kg/m3) 
0.025 0.06 0.37 Viscosity (Poise) 

1 2.9 67 Yield stress (Pa) 
20 20 20 Flow rate (L/min) 
76 76 76 Borehole diameter (mm) 

 
Figure 4 shows the length of grout penetration for 

a grout with water to cement ratio of 0.5:1 and the 
grouting pressures of 1, 2, 4, 6, 8, and 10 bar. 

Figure 5 shows the length of grout penetration for 
a grout with the water to cement ratio of 1:1, and 
Figure 6 shows it for a grout with the ratio of 2:1. 

 
Figure 4. Length of grout penetration for a cement grout with w:c = 0.5:1 versus joint hydraulic aperture. 

 
Figure 5. Length of grout penetration for a cement grout with w:c = 1:1 versus joint hydraulic aperture. 

 
Figure 6. Length of grout penetration for a cement grout with w:c = 2:1 versus joint hydraulic 

aperture. 
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5. Length of grout penetration in an angled joint 
Since many natural joints are angled, an equation 

for calculation of the length of grout penetration in 
these joints seem to be vital. The distinctive factor 
in his case is the gravity force, which impacts grout 
propagation. Assumptions in this section will be 
similar to those of the horizontal case. It is assumed 
that the joint plane is located at an angle of α with 
respect to the horizontal plane. Besides, the 
borehole is considered to be drilled in the center of 
the joint plane intersecting it at an angle of 90-α. 
Due to the exertion of gravity force, the grout 
distribution in the joint plane will be in the form of 
an ellipse. Figure 7 shows the geometry of the 
problem. θ is the angle of different positions on the 

joint plane with respect to the major diameter of the 
ellipse. 

The equation of the equilibrium of the forces is 
in the form of: 

෍F = F୮ − Fத − F୥ = 0 (14) 

in which Fg is the force resulting from the weight 
of the grout in the joint, and can be calculated from 
the following equation [88]: 

F୥ = 2πρ୥gwr଴(r୥ − r଴) cos θ sin α (15) 

Fp and Fτ can be calculated from Equations (3) 
and (11), respectively. Hence, maximum length of 
grout penetration for different locations in an 
angled joint can be calculated as: 

 

r୥ =
ܤ)− + E) + ඥ[(B + E)ଶ + 4D(C + Dr଴ଶ + (B + E)r଴)]

2D  (16) 

 

 
Figure 7. A schematic depiction of geometry of an angled joint and grout propagation in it [88]. 

 
in which: 

B =
12µ୥Q୥

wଶ  

C =  2πr଴wP୮ 

D = 2πτ଴ 

E = 2πρ୥gwr଴ cos θ sinα 

 
In order to check the accuracy of the equation, if 

α = 0 in Equation (17), Equation (14) can be 
obtained, which calculates the length of penetration 
in a horizontal joint.  

Since the length of penetration in the upper part 
of the joint is smaller than that in the lower part due 

to gravity force exertion, calculations are made for 
the case of θ = 0. Figures 8 and 9 illustrate the 
changes in the length of grout penetration of joints 
with different angles with respect to the horizontal 
plane for the joint apertures of 2.5 mm and 10 mm, 
respectively, for a grout with water to cement ratio 
of 0.5:1. Figures 10 and 11 show the changes in the 
length of penetration for a fluid with a ratio of 1:1, 
and Figures 12 and 13 depict the changes in the 
length of grout penetration for a fluid with water to 
a cement ratio of 2:1. As expected, the length of 
penetration decreases in the upper part of the joint 
as α increases. This can be ascribed to the gravity 
force. Thus when designing the boreholes and 
predicting the distance between them, it is vital that 
we consider the length of penetration in the upper 
part of the joint.  
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Figure 8. Length of grout penetration for upper part (θ = 0) of an angled joint with hydraulic aperture of 2.5 mm 

and a grout with w:c = 0.5:1. 

 
Figure 9. Length of grout penetration for upper part (θ = 0) of an angled joint with a hydraulic aperture of 10 

mm and a grout with w:c = 0.5:1. 

 
Figure 10. Length of grout penetration for upper part (θ = 0) of an angled joint with a hydraulic aperture of 2.5 

mm and a grout with w:c = 1:1. 
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Figure 11. Length of grout penetration for upper part (θ = 0) of an angled joint with a hydraulic aperture of 10 

mm and a grout with w:c = 1:1. 

 
Figure 12. Length of grout penetration for upper part (θ = 0) of an angled joint with a hydraulic aperture of 2.5 

mm and a grout with w:c = 2:1. 

 
Figure 13. Length of grout penetration for upper part (θ = 0) of an angled joint with a hydraulic aperture of 10 

mm and a grout with w:c = 2:1. 
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6. Grouting of a rock mass with multiple joints 
Hardly ever do single joints occur in the nature. 

As a result, the designers usually deal with the joint 
sets, and they almost always intent to grout rock 
masses. In each joint set, the joint properties 
including aperture, spacing, and persistence can 

change in a limited range. Generally, the joints may 
occur with various apertures (Figure 14). 

Rock masses may contain joint sets in different 
directions, and this can cause complications in the 
projects practically. The ideal condition is to grout 
the intended area of the rock mass both completely 
and properly. Figure 15 depicts an ideal grouting in 
a rock mass with multiple joint sets.  

  
Figure 14. Grouting a rock mass with horizontal joints. Figure 15. Ideal grouting of a rock mass with multiple 

joint sets. 

Firstly, the grouting process is going to be 
described for one horizontal joint set. Then it will 
be developed for the general case of multiple joint 
sets.  

It is assumed that n horizontal joints of a set are 
intersected by the borehole. This section is 
separated by packers from the other parts of the 
borehole. Figure 16a shows the configuration of 
joints and grouting packers. The grouting operation 
starts with regulating a flow rate of Q and a 
grouting pressure of Pp on the pump. The pressure 
equals zero initially. The grout enters the borehole 
with a constant flow rate of Q, and starts to fill the 
borehole from the lower part of the section until it 
reaches the first joint (j1), enters j1 and continues to 
propagate inside it. Simultaneously, the fluid goes 
up inside the borehole, and when reaching j2, the 
grout propagates in it too (Figure 16b). This 
process goes on until the grout arrives at jn (Figure 
16c), followed by filling of the section totally. 
Afterwards, the pump pressure increases gradually, 
and finally it reaches the maximum pre-determined 
value of Pp. At this step, the grout is propagating in 
all joints such that the length of penetration is 
greater in the lower joints. j1 is the first joint in 
which the maximum length of penetration, rg, is 
reached, which can be calculated using Equation 
(14). Figure 16d shows this step of the process.  

Having reached its maximum length of 
penetration in j1, the grout is stopped in this joint, 
backlashes, and the fluid penetrates the other joints 

with a flow rate of Q (Figure 16e). The locations of 
the grout in joints j1 to jn, if connected to each other, 
produce a space with curved lateral surface, whose 
2-d projection is illustrated in Figures 16d and 16e. 
In the present work, it is assumed that the viscosity 
and yield stress of the grout will remain constant, 
allowing the process to continue until the time 
when the grout reaches its maximum length of 
penetration, rg, in all joints (Figure 16f). 
Connecting the locations of rg in all joints to each 
other produces a 3-D space in the form of a 
cylinder. This is the exact time when the operation 
is finished.  

The general case is the one in which a multiple 
joint sets, each with specific parameters of 
aperture, spacing, and persistence, cross the rock 
mass at differing angles. The grouting process in 
this case is similar to the case of one joint set such 
that the grout starts to fill the borehole and the 
joints from the lower part of the section. Almost all 
joints with a proper groutability will be grouted if 
the process is continued but the length of 
penetration would be different based on their 
aperture. Thus the length of grout penetration in the 
case of multiple joint sets can still be calculated 
using Equations (14) and (17). 

In practice, however, the grouting might have 
various uncertainties and complications, thus 
causing variations in the results from what were 
predicted. For example, occurrence of the bleeding 
phenomenon may be responsible for deterioration 
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in the quality of the process. Additionally, a poor 
design or genuine geological complications can be 
hard on the quality of the operation. These can 
result in an asymmetrical space around the 
borehole in which the quality may not be similar in 
different locations. Although one area is not 
grouted only with one borehole, it is necessary to 
obtain the best quality of grouting around each 
borehole, and this highlights the significance of not 
only a suitable grout but a proper pattern of the 
boreholes. An optimum design is of paramount 
importance financially as well, for the distance 
between the boreholes largely dictates the drilling 
extent the amount of material used, and operation 
time. According to what mentioned above, there 
are two crucial points regarding grouting: 1) 
selection of suitable grout based on the project 
conditions and 2) prediction of grout propagation 
in the region being grouted. The present part of this 
paper concentrates on the latter point.  

The reliable space that has been grouted properly 
is a space in which all joints are filled with the 
grout. Therefore, the length of penetration for the 
whole borehole will be determined after 
calculating the length of penetration for each joint. 
In many cases, it might equal the smallest length of 
penetration in the smallest joint aperture, given that 
the joint does not have a small persistence. 
Nonetheless, it does not hold true for all conditions. 
Generally, it is suggested that the borehole spacing 
is chosen based on not only the penetration in 
major joints but the in situ conditions and the goal 
of grouting.  

7. Discussion 
In the present work, a mathematical model for 

prediction of the length of grout penetration in rock 
joints was proposed. The joint apertures according 
to the ISRM classification [86] was selected, and 
the technical parameters were chosen according to 

the previous studies and experience obtained by the 
other researchers [14, 87]. As it could be seen, in 
both the horizontal and angled cases, the joint 
aperture has a relation with the length of grout 
penetration. The values obtained for the joints with 
larger apertures grouted by grouts with ratios of 1:1 
and 2:1 are too large, which are not technically 
acceptable. According to Shroff and Shah [14], the 
multiple grouting stages are performed to 
compensate it, particularly for the apertures larger 
than 6 mm. With this strategy, the grout can fill the 
joints efficiently with controllable penetration 
lengths. Another technique can use thicker grouts.  

Higher grouting pressures increase the length of 
penetration inside the joints. This strategy has been 
proposed by many researchers in order to achieve 
the maximum length of grout penetration in rocks, 
and it can be much greater for the grouts with 
higher water to cement ratios. The ratios used in the 
present work are the most usual ones in the rock 
improvement.  

In the angled case, shown in Figures 8 and 9, 
when 0.5:1 ratio is used, the increase in the angle 
gives rise to decreases equal to 1 cm and 5 cm for 
aperture 2.5 mm and 10 mm, respectively. 
According to Figures 10 and 11, the values for the 
1:1 ratio will be 25 cm and 1 m, respectively, and 
Figures 12 and 13 show that they will be 60 cm and 
2.4 m. To sum up, for a specific water to cement 
ration, as the joint aperture increases, the decrease 
in the length of penetration rises for a horizontal 
joint. Additionally, with water to cement ration 
increasing, the difference between the values of the 
length of penetration of angled and horizontal 
increases. This is of importance for the design of a 
proper distance between the boreholes. 

All in all, the equations presented in the present 
paper give the length of penetration in the 
horizontal and angled single joints. it was shown 
that these equations were applicable for the 
multiple joints case under all circumstances.  
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(b) (a) 

  
(d) (c) 

  
(f) (e) 

Figure 16. Grouting process in one joint set with n horizontal joints. 
 

8. Comparison of results with current empirical 
criteria 

Empirically, the only criteria available would be 
comparison of the spacing and groutability of 
boreholes in the joints with different apertures. 
After investigations on many grouting projects, 
Evert [89] has proposed that relatively closed joints 

(apertures smaller than 0.5 mm) show little intake, 
and the grout propagation will be a few 
centimeters, while joint hydraulic apertures greater 
than 1 mm show high intake levels and the length 
of penetration could be between 1 m to 10 m. These 
are in accordance with the results of the equations 
in the present work for a grout pressure of 1 bar.  
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Furthermore, according to the bodies of 
experience attained for the design of boreholes 
distance [90], the distance for low apertures (closed 
to relatively closed joints) would be between 1 m 
and 3 m, and for open to large voids, it could be 
between 4 m and 15 m. The values calculated in the 
present research work are comparable to these 
suggested distances. From Figure 5, it is inferred 
that for a joint with an aperture of 2 mm, the length 
of penetration could change from 2 m to 5 m 
depending on the pressure. Thus to achieve the 
necessary overlap, the distance between the 
boreholes has to be in the range of 4 m-10 m, which 
is in accordance with the current empirical 
proposed values.  

9. Comparison of present methods developed 
with existing related formulas 

The previous researchers based their formulas on 
different assumptions and conditions, so there are 
specific parameters in each of them, some of which 
may be found only in one formula. Thus 
comparison of the values from the equations 
proposed in the present work will be made with 
those of the existing formulas, which include 
similar parameters. The formula proposed by Jiacai 
et al. [11] includes the grouting time, which is 
incomparable to the equations proposed in this 
paper. The formula proposed by Shroff and Shah 
[14] includes the grout volume, while the other 
formulas including Equations (14) and (17) do not 
include it. There are many parameters in the 
formula obtained by Majdi et al. [15], two of which 
are the depth of the joint and grouting time. This 
again limits the comparison of this formula with 
those proposed by the present paper. Therefore, 
Equation (14) is to be compared with the formulas 
proposed by Wittke [9], Lombardi [12], and Lau 
and Crawford [13] for a grout with a water to 
cement ratio of 1:1 and a grouting pressure of 6 bar. 
Table 4 presents the values of the length of 
penetration obtained from all these equations. 

As it can be seen, the values obtained from the 
formulas proposed by Wittke and Lombardi are 
very large and unrealistic since these formulas are 
based on the pipe model assumed for joints, which 
is not a suitable model for the planar structure of 
the joints. The values obtained from the formula 

proposed by Lau and Crawford are larger than 
those obtained from Equation (14) for the apertures 
smaller than 3 mm. For larger apertures, both 
formulas present similar values (Figure 17). This is 
due to consideration of shear distribution in the 
present work, which can affect the results for the 
small apertures. Lau and Crawford have simulated 
the joint with two glass plates, thus ignoring the 
friction between the grout and the joint walls. 
Consequently, the results of the equations proposed 
in the present work are more realistic and reliable 
even for the joints with small apertures.  

10. Case study 
The Nosoud water conveying tunnel is part of the 

huge project of conveying water to the tropical 
plains of western Iran, which conveys Sirvan river 
water to the arable lands located in the south part 
of the Kermanshah province. The Leyleh part is the 
southern part of this tunnel, which is situated in the 
Javanroud county, is 6 km long, and has a 
conveying capacity of 70 m3/s. The drilling 
diameter and the final diameter equal 6.12 m and 
5.4 m, respectively. The engineers who worked in 
this project encountered various challenges, the 
most important of which were water inrush and 
sulfur gas leakage. In order to cure water inrush, 
the grouting technique was proposed.  

The grouting method was crucial in this project 
because: 

1) The drilling diameter achieved using TBM was 
larger than the prefabricated lining, so it was 
necessary to apply the contact cement grouting to 
fill the space between the lining and the rock. 
This changes a discrete region into a seamless 
region, resulting in smaller deformations and 
prevention of water inrush.  

2) This tunnel passes through fault zones and highly 
jointed rock masses, and this causes water 
permeation and inrush. Thus contact grouting 
would not be so efficient, dictating the necessity 
of supplementary grouting.  

3) The tunnel had a negative dip, complicating the 
water prevention and drilling operations due to 
water accumulation in front of the tunnel face.  
Figure 18 shows water inrush in the Nosoud 
tunnel. 
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Table 4. Comparison of length of grout penetration obtained from Equation (14) and those obtained from the 
existing formulas 

Aperture (mm) Present work (m) Wittke (m) [9] Lombardi (m) [12] Lau and Crawford [13] (m) 

0.1 0.044 20.727 20.689 0.849 
0.25 0.131 51.762 51.724 1.364 
0.5 0.698 103.486 103.448 1.945 
1.0 2.235 206.934 206.896 2.766 

1.5 3.159 310.382 310.344 3.396 
2.0 3.807 413.831 413.793 3.927 
2.5 4.331 517.279 517.241 4.395 
3.0 4.785 620.727 620.689 4.818 
4.0 5.567 827.624 827.586 5.570 
5.0 6.244 1034.520 1034.482 6.231 
6.0 6.850 1241.417 1241.379 6.830 
7.0 7.405 1448.313 1448.275 7.380 
8.0 7.920 1655.210 1655.172 7.892 
9.0 8.403 1862.106 1862.068 8.373 
10.0 8.860 2069.003 2068.965 8.828 

 

 

 
Figure 17. Comparison of length of penetration values predicted by Lau and Crawford [13] and those calculated 

by Equation (14) for a horizontal joint. 

Figure 18. Inrush water in Nosoud tunnel. 
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A relatively thick grout was selected to fill the 
vacant spaces, due to large extent of these regions 
as well as the need for a suitable grout with 
admirable filling properties. The grout is a mixture 
of water, cement (type V), bentonite, and additives. 
Sieved sand was added as well.  

Contact grouting should be performed by a 
gradual increase of pressure and decrease of grout 
use. Regarding the conditions, a grouting pressure 
of 4 bar was proposed. For supplementary 
grouting, a grouting pressure of 8 bar was 
suggested in order to fill the vacant regions 
completely without damaging the rock and the 
lining.  

The joint apertures were all around 2 mm. From 
the equation proposed in the present work 
(Equation (17)), the length of grout penetration for 
the pressure of 4 bar was 1 m (Figure 4), which was 
perceived to create a suitable overlap of grout. 
Figure 19 shows the boreholes array on the tunnel 
section. The performance method was as follows: 

1) To prevent grout loss, the segments on the tunnel 
floor were isolated.  

2) Since the borehole array was designed according 
to segments dispositions, one of the adjacent 
segments was grouted. Therefore, boreholes 1 
and 9 on the floor, 4 at the back of the ventilation 
duct, and 6 at the top of the conveyor belt were 
back-filled.  

3) Segment joints were filled completely.  

4) Grouting of the boreholes was performed on a 
ring pattern, from the top boreholes to the lower 
ones.  

5) The grouting operation was stopped immediately 
after observing grout backlash.  

 
Figure 19. Borehole array on the tunnel section of 

Nosoud tunnel. 

After performance of all the grouting steps, the 
admirable result was achieved such that not only 
was the grouting operation performed completely, 
the tunnel was sealed perfectly. It was shown that 
the analytical model proposed in the present study 
could predict the suitable design of the grouting 
operation. No points with water inrush or leakage 
were observed, and the space between the segment 
and the rock was filled ideally.  

11. Conclusions 

In the present paper, two analytical equations 
were proposed in order to calculate the length of 
grout penetration in the horizontal and angled rock 
joints. The joints were assumed as disks with 
infinite expansion in the space. The grout particle 
was assumed to be much finer than the joint 
aperture. The fluid was Binghamian, and its 
properties did not change during the operation. The 
length of penetration was calculated for three grout 
mixtures with water to cement ratios, which are 
usually applied for water sealing and rock 
consolidation. The calculations presented the 
following result.  

1)  The length of grout penetration increases with 
the joint hydraulic aperture. The values for a 
large aperture can be very high.  

2) The grouting pressure could be a deciding factor 
in reaching the maximum length of penetration. 
The values used were the most usual ones applied 
in rock grouting.  

3) In the angled joints, the length of penetration is 
in the two sides. The difference in the length of 
penetration between the horizontal and angled 
cases increases with water to cement ratio.  

4) When the multiple joints intersect the borehole, 
the length of penetration in all the major joints 
should be calculated firstly, and then the smallest 
length can be chosen. It should be noted that the 
joints with small persistence might be not be of 
significance.  

5) The length of penetration in the upper part of 
angled joints should be taken into account.  

6) It was shown that the equations proposed could 
be used to predict the length of penetration in the 
joints with unequal aperture values, thus not 
being limited to the single-joint case.  

7) The values obtained from the present developed 
analytical model were compatible with the 
empirical criteria. They also could predict the 
proper design for sealing a water conveying 
tunnel. 
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The model proposed in the present work can be 
used to calculate the length of grout penetration not 
only in single joints but in rock masses with 
multitude crossing joints. Therefore, it may be 
useful when determining the distance between the 
grouting boreholes to ascertain a qualified grouting 
operation. 
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    چکیده:

بر طراحی و اجراي عملیات تزریق دارد. توزیع  دار اثر مهمیهاي درزههاي تزریق در سنگپذیري در اطراف گمانهبینی طول نفوذ آمیزه تزریق و ارزیابی تزریقپیش
دل باشد. مقاله پیش رو یک مهاي آمیزه تزریق و پارامترهاي اجرایی تزریق میسنگ، ویژگیهاي ژئومکانیکی تودهدار تابعی از ویژگیهاي درزهآمیزه تزریق در سنگ

حاسبه دار مهاي افقی و زاویههاي دیسک شکل، حداکثر طول نفوذ آمیزه تزریق را در درزهکند که با فرض درزهتحلیلی مبتنی بر قانون دوم نیوتن را توصیف می
هاي داراي چندین دسته درزه نیز محاسبه کنند. به منظور سنگهاي پیشنهادي قادر هستند طول نفوذ آمیزه تزریق را در تودهکند. نشان داده شد که فرمولمی

هاي تحلیلی و تجربی موجود مقایسه شد که نتایج تطاابق خوبی با یکدیگر داشتند. نهایتا، مدل پیشنهادي براي طراحی تزریق اعتبارسنجی، مدل پیشنهادي با معیار
ونل بندي تدر یک تونل انتقال آب که در معرض هجوم آب شدید قرار داشت، به کار رفت. این طراحی منجر به پر شدگی مناسب فضاي خالی پشت سگمنت و آب

تواند به طور موفقیت آمیزي در عملیات اجرایی نیز به کار جه آن توقف آب ورودي به تونل بود. نتایج نشان دادند که مدل پیشنهادي در این مقاله میشد که نتی
  رود. 
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