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Abstract
Grouting techniques have been extensively and effectively implemented to prevent water bursts originating from limestone 
aquifers in underground mining. Using widely employed grout with time-varying viscosity, promoting the effective propaga-
tion of slurry in fractures, especially fractures with narrow apertures, and improving the grouting efficiency (GE) are critical 
issues that remain unsolved. In this study, an experimental investigation of the fracture GE was conducted considering the 
dynamically changing injection pressure for viscosity--time-dependent grout using a fracture model constructed from acrylic 
glass. Three grouting pressure adjustment schemes (periodic-increasing pressure, constant pressure and periodic-reducing 
pressure) and two narrow hydraulic apertures (200 and 250 μm) were selected for testing. Each trial utilizing the fracture 
replica was filmed, allowing the advancing slurry to be analyzed versus the propagation distance over time. The measured 
penetration lengths and fracture GE were then compared with the simulation data. The measured penetration length versus 
time curves agreed well with the theoretical data. Moreover, the pressure adjustment mode and grout rheology significantly 
impacted the GE. In general, the periodic increases in pressure reduced the GE, which decreased by 4.16% and 10.19% for 
the slow- and rapid-growth viscosity grouts (G1 and G2), respectively. However, phase reduction of the pressure consider-
ably enhanced the GE. Relative grouting efficiency (RGE) was increased by 3.18% and 10.08% for G1 and G2, respectively, 
indicating that a step-by-step reduction in the injection pressure can effectively improve the GE for the remarkable rheological 
grout during the grouting process. Additionally, the tests suggested that the hydraulic aperture width has an unclear effect 
on the GE of microfissures.
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Introduction

In China, many water inrush disasters have been encoun-
tered in coal mines with the high-intensity mining of coal 
resources, which have led to significant safety challenges 

for underground coal mining (Wu et al. 2011; Cheng et al. 
2013; Guo et al. 2017; Yin et al. 2016, 2018, 2019; Zhang 
et al. 2017a, b; Li et al. 2018a, b, 2019b; Wang and Meng 
2018; Shi et al. 2019; Wang et al. 2019). Statistics show that 
limestone aquifers are one of the most important disaster 
sources of water bursts in the coal mines of North China, 
where coal-bearing strata generally develop in the Carbonif-
erous–Permian and overlay an Ordovician karst aquifer with 
high groundwater pressure and abundant water (Sun et al. 
2015; Zeng et al. 2016; Li et al. 2018a, b, 2019a; Wang 
and Shi 2019). In addition, several karst aquifers developed 
in the roof and/or floor of the main minable coal seams. 
Mining-induced cracks are generated and expand during the 
advancement of the working face, causing the gradual com-
munication with the goaf and the nearby karst aquifer, while 
the goaf directly connects with the Ordovician aquifer via 
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a mining-induced fracture or fault in some cases, leading 
to water inrush (Tan et al. 2010, 2012; Lu and Wang 2015; 
Guo et al. 2016; Yu et al. 2017; Wang et al. 2017; Huang 
et al. 2018).

To prevent water ingress, the grouting technique has been 
extensively and effectively implemented for water-bearing 
strata or channels in underground mining (Yao et al. 2013; 
Mohajerani et al. 2015; Zhang et al. 2018). A slurry is 
poured into the rock fracture, propagates in the karst fissure 
network and then seals the water conduction channels, thus 
enhancing the impermeability and strength of the floor (Sui 
et al. 2015; Sun et al. 2018). However, due to the complex 
distribution of the fracture networks, unclear geological 
surveys, and improper engineering operations, improving 
the grouting efficiency (GE) and reducing the “project cost” 
(also including energy consumption, the quantity of grouting 
materials and time) have become critical issues for fracture 
grouting practices (Wei et al. 2019).

The GE in a fractured rock mass is affected by many fac-
tors, such as the aperture width, fracture roughness, grouting 
control mode, i.e., flow rate grouting and pressure grout-
ing, properties of the grout material, characteristics of the 
fractures, and effects of the multiphysical fields (Sui et al. 
2015). To understand the grouting mechanism of the frac-
tured rock mass, various scholars have carried out consider-
able research.

The movement of slurry in an ideal fracture has been 
widely discussed (Littlejohn 1975; Gustafson et al. 1996; 
Axelsson et al. 2009; Mohammed et al. 2015; Funehag and 
Thorn 2018). Funehag and Fransson (2006) studied the pres-
sure in the grouting process and obtained the pressure by a 
short-term pressure grouting test. Funehag and Gustafson 
(2008a; b) proposed a diffusion formula at a constant grout-
ing pressure for silica sol. Penetration equations in fractures 
under constant grouting flow rates were also obtained (Dai 
and Bird 1981; Hassler et al. 1992; Amadei and Savage 
2001).

In recent decades, many kinds of grout with time-vary-
ing viscosity (e.g., some typical cement-based slurry and 
chemical materials) have been widely adopted in the fracture 
grouting process. Many studies have focused on the grouting 
process with respect to the time-varying slurry viscosity. Li 
et al. (2013) obtained the time-dependent viscosity function 
of a cement–sodium grout based on the experimental study. 
Furthermore, Zhang et al. (2017a, b) studied the grouting 
mechanism of quick setting slurry in rock fissure considering 
the spatial variation of viscosity. Zhang et al. (2018) inves-
tigated the fracture grouting mechanism with a cement and 
sodium silicate grout and discussed the factors influencing 
the propagation length. Mohajerani et al. (2015) proposed 
the explicit grout forehead pressure (EGFP) algorithm to 
calculate the penetration length considering the time-varying 
viscosity of the slurry.

In a field grouting practice, experienced engineers often 
change the grouting parameters, such as the flow rate, injec-
tion pressure or the proportion of slurry composition (in 
essence, to change the rheological properties of the slurry) 
in a grouting operation, to promote the propagation of the 
slurry in a fracture, as verified by in situ tests (Li et al. 2014). 
This grouting method is called dynamic grouting. Wei et al. 
(2019) proposed a stepwise algorithm to study the advancing 
process of grouting with the significant rheological property 
of the crack with the periodic adjustment of the grouting 
operation parameters. This theoretical research indicated 
that, compared with the customary constant parameter grout-
ing, increasing or decreasing the injection pressure or flow 
rate changes the fracture GE to some extent.

The main objective of this paper is to study the slurry 
diffusion process and GE of the fracture grouting condi-
tion with a periodic adjustment of the grouting pressure 
via a laboratory investigation. In this study, typical silica 
sol grouts with different viscosity functions, two hydraulic 
apertures (200 μm and 250 μm), and three pressure adjust-
ment schemes (phased increased pressure grouting, phased 
constant pressure grouting, and reduced pressure grouting) 
were adopted in the experimental design. Then, a series of 
fracture grouting model tests were conducted. Compared 
with the theoretical results, the experimental data indicated 
that the phased increased pressure reduces the fracture GE, 
whereas the phased reduced pressure significantly improves 
the GE, especially for the slurry with a high-speed increas-
ing viscosity.

Method

In China, materials used for fracture grouting include 
cement-based grouts (e.g., cement slurry, cement–sodium 
silicate slurry) and chemical grouts (e.g., silica sol, urea–for-
maldehyde resin). Most of the selected materials are marked 
by the time-varying viscosity, which is also called rheol-
ogy. In general, the rheological properties of grouts can be 
changed by adjusting the proportions of their components, 
significantly impacting their gelling time. This process tends 
to control the propagation of fracture grouting. Furthermore, 
a better grouting effect could be produced with the dynamic 
adjustment of grouting operation parameters, such as the 
injection pressure or flow rate.

The main objectives of this study are to investigate the 
GE by considering both the time-varying viscosity of grouts 
and the adjustment of the grouting operation parameters 
under hydrostatic conditions. The GE could be expressed as 
a function of the penetration length, injection pressure, and 
grouting time (Wei et al. 2019). In our conventional under-
standing, the GE is considered high if a small consump-
tion of mechanical energy produces a large grouted region 
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during a fracture grouting process. Therefore, the GE can be 
defined as the ratio of the maximum penetration length to 
the consumption of the mechanical energy in a time interval 
as follows:

where GE is the grouting efficiency, rmax is the maximum 
propagation distance, and Eg is the mechanical energy 
provided by the grouting equipment to drive slurry diffu-
sion, which can be approximately obtained by integrating 
the grouting pressure over the injection time according to 
Eq. (2).

where t is the injection time, pg(t) is the grouting pressure at 
the injection hole, dt is the time step, and n is the number of 
time steps which will be introduced in the following section.

Furthermore, the relative grouting efficiency (RGE) is 
introduced to analyze the influences of the operation param-
eter adjustment schemes on the grouting process. The RGE 
is defined as the ratio of the GE of the grouting process 
with adjusted parameters to that of the process with constant 
grouting parameters and can be expressed as follows:

where RGE is the relative grouting efficiency, GEadjust is the 
GE under the grouting condition of the adjustment pressure, 
and GEconst is the GE calculated under the constant boundary 
condition. As the RGE is calculated, the total mechanical 
energy consumed in different grouting processes is consid-
ered the same, regardless of the boundary condition of the 
pressure grouting or the flow rate grouting at the injection 
borehole. According to Eqs. (1) and (2), the constant grout-
ing pressure could be determined to be equal to the average 
at the injection hole during a special time interval.

According to the theory of the iterative method, the 
grouted zone can be divided into finite elements based on 
the time interval. In every time interval, the key grouting 
parameters, such as penetration length, grouting pressure, 
and flow rate, can be calculated. Figure 1 shows the stepwise 
calculation method under dynamic pressure conditions. The 
steps can be summarized as follows:

First, the initial grouting parameters such as the grouting 
pressure, the width of the rock fissure, radius of grouting 
hole, and grouting time are input. The function of slurry dif-
fusion velocity is used to calculate the initial average veloc-
ity. Thus, the locations of the element boundaries will be 
determined by the velocity. Then, the pressure difference of 

(1)GE =
rmax

Eg

,

(2)Eg = ∫
(n−1)dt

0

pg(t)dt,

(3)RGE =
GEadjust

GEconst

,

the element that enables the grout’s flow will be determined 
according to the penetration length during one time step. The 
grouting pressure for the next element will subsequently be 
calculated by summing the previous pressure segments to 
determine the average velocity at the next element. Moreo-
ver, the flow rate can be calculated based on the conservation 
of mass. Finally, the above procedures will be repeated while 
increasing the injection time until the injection time reaches 
the specified value. The fundamental parameters calculated 
in the grouted area will be output automatically.

Laboratory test

Materials

The grout solutions selected in this research consisted of a 
colloidal silica suspension and an accelerator (Pedrotti et al. 
2017). The accelerator was prepared by mixing 500 g of ana-
lytically pure NaCl particles with 4.5 kg of purified water. 
The colloidal silica grout was mixed with an accelerator at 
a selected mixing ratio before injection. The gel time of the 
silica sol was controlled by varying the amount of accelera-
tor added to the colloidal silica suspension; the higher the 
concentration of the saline solution, the faster is the gelling 
(Agapoulaki and Papadimitriou 2018).

Colloidal silica contains approximately 40% silica solids 
by weight. An NDJ-9S rotational viscometer was used to 
measure the dynamic viscosity of the colloidal silica solu-
tions under room temperature conditions. The colloidal 
silica suspension before the addition of the accelerator had 
a pH of 9.3, a density of 1290 kg/m3, and a dynamic viscos-
ity of 26 mPa s. The accelerator, which had a density of 
1150 kg/m3 and a neutral pH of 7, had a dynamic viscos-
ity of 1.10 mPa s. The properties of the selected grout, a 
mixture of the colloidal silica and saline solution, in this 
laboratory test are listed in Table 1. 

Figure 2a presents the viscosity versus time curves of 
the silica sol with three different mixing ratios. This figure 
shows that all colloidal silica grouts exhibit high viscosity 
over time. There is no observable change in the slurry vis-
cosity when the mixing time is less than the gel induction 
time, at which time the viscosity has doubled and reaches 
approximately 16 mPa s. The value increases more rapidly 
with further increases in time. According to the growth rate, 
the injection time can be divided into three stages: the con-
stant viscosity period extending from the starting time to the 
gel induction time, the slow-speed growth period in which 
the viscosity increases to approximately 100 mPa s, and the 
high-speed growth period in which the viscosity increases 
rapidly to a few thousand mPa s, leading to gelation.

According to Wei et  al. (2019), the adjustment of 
operation parameters can significantly affect the fracture 
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propagation, especially for slurries with remarkable rheo-
logical properties. Therefore, the silica sol in the slow-
speed growth stage and high-speed growth stage was 
selected in this study, representing slurries with differ-
ent rheological properties. The two kinds of grout were 
referred to as G1 and G2, with a special initial viscosity 
of approximately 40 mPa s and 170 mPa s, respectively. 
The dynamic viscosity curves in Fig. 2b were fitted by 
a multivariate function and an exponential function, and 

the viscosity function of the injection time (timing with a 
special initial viscosity) was established as follows:

G1:

G2:

(4)�(t) = ct3 + dt2 + et + 40 ± 2 mPa s,

(5)�(t) = (170 ± 2) exp(ft) mPa s,

Fig. 1   Procedure of the stepwise calculation program corresponding to the parameter-adjusted grouting process (modified from Wei et al. 2019)

Table 1   Properties of grouting materials selected in the laboratory test

Grout recipes Mixing ratio Temp Density ρ (kg/m3) Initial viscosity, 
μ0 (mPa s)

Slurry viscosity func-
tion of injection time, 
μ(t)40% Colloidal silica 10% NaCl solution

G1 7 1 25.2–25.8 1225–1230 40 ± 2 ct3 + dt2 + et + μ0

G2 170 ± 2 μ0*exp(ft)
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where c, d, e, and f are data fitting coefficients varying in 
each trial.

However, a series of viscosity tests show that even two 
groups of grout with the same test conditions, such as the 
mixing ratio, mixing time, instrument speed and room 
temperature, will not share a qualitatively similar viscos-
ity versus time curve. To ensure that the change curves of 
the viscosity were as consistent as possible, the following 
method was adopted in the experimental investigation. An 
adequate 10% NaCl solution was prepared to meet the need 
for all of the trials prior to the start of the research. For each 
trial, the mixture of silica sol and saline solution was divided 
into two parts. One part was used to identify the dynamic 
viscosity varying with time. The other part was used for the 
experiment. According to the above procedures, the viscos-
ity changes in the two parts of the grout can be considered 

synchronous. When the tested viscosity reached the special 
initial value, the trial started immediately.

In terms of one batch of prepared grout, two sequence 
trials could be carried out, in which the special initial viscos-
ity was set to 40 ± 2 mPa s and 170 ± 2 mPa s. A series of 
preliminary experiments demonstrated that the time inter-
val between the two initial values was approximately 3 min, 
which consequently determined the time interval between 
the two sequences of the trial.

Experimental setup

The experimental setup for investigating dynamic pressure 
grouting in an artificial fracture is shown in Fig. 3.

Two smooth rectangular stiff plexiglass discs with thick-
nesses of 10 mm were employed in this study to simulate a 

Fig. 2   Mixing ratio influence on colloidal silica properties. a Grout viscosity with time after addition of accelerator. b Viscosity change of 
selected grouts over time, for example, left for trial no. 3–1 and right for trial no. 3–2, a trend line is fitted
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rock fracture. The strength and friction properties of stiff 
plexiglass are suitable for the simulation of the character-
istics of rock fractures. The discs were fastened together 
using 56 bolts. The maximum grouting pressure of 0.8 MPa 
was significantly smaller than the tension stress of the bolt, 
and the negative effect of expansion of the aperture was 
neglected. The fracture space ranged from 0.2 to 1.0 mm 
and was adjusted by placing shims with precise thicknesses. 
The parallel plate had a diameter of 0.5 m. The grouting hole 
(diameter = 10 mm) was drilled at the center of the lower 
disc. Six lifting platforms were placed at the bottom of the 
experimental setup to adjust the level of the fracture replica.

The silica sol was poured into a cubic plexiglass tank 
with a side length of 150 mm. The tank was connected to the 
injection hole of the parallel plane fracture through a tube. 
During the grouting process, phasic variation of the grouting 
pressure was induced by moving the tank to the correspond-
ing height on the grouting platform. Due to the limitation of 
the size of the artificial parallel plane fracture, the pressure 
injection experiments were carried out with low grouting 
pressure, and the maximum head difference between the 
fracture replica and the fluid level was set to 150 cm.

In addition, a high-speed camera connected to a com-
puter was employed to film the entire grouting test, and the 
video was used to analyze the slurry diffusion in the fracture 
replica.

Design of the experiments

Grouting efficiency is affected by many factors, such as the 
characteristics of the structural plane, grouting modes, and 
rheological properties of the grout (Sui et al. 2015; Wei 
et al. 2019). In this experiment, it is difficult to consider all 
the factors in a limited number of tests. Therefore, several 

main factors, including the grout viscosity, the fracture 
aperture width, and the stage change schemes of grouting 
pressure, were used in this study.

Tables 2 and 3 list the arrays of a total of 40 experi-
ments with four factors, such as the hydraulic aperture, 
slurry type, adjustment schemes of pressure head differ-
ence, and injection time. The hydraulic aperture (200 μm 
and 250 μm selected for this study) could be computed 
using the “cubic law”, which was introduced in detail by 
Funehag and Thörn (2018). Three dynamic pressure head 
difference schemes were adopted in this investigation, 
including the constant pressure, phased increased pres-
sure and phased reduced pressure. For constant pressure 
grouting, the pressure head difference, i.e., the vertical dis-
tance between the fluid level in the grout tank and the frac-
ture replica, is maintained at 90 cm and 110 cm, respec-
tively. In addition, four schemes, 70–90–100, 50–90–130, 
90–110–130 and 70–110–150, were adopted in the phased 
increased pressure grouting scheme. However, four inverse 
adjustment schemes for the pressure head difference were 
used in the phased reduced pressure grouting, namely 
110–90–70, 130–90–50, 130–110–90, and 150–110–70. In 
terms of each grouting pressure scheme, the location and 
the value of the number represented the step number and 
the grouting pressure for a trial. For example, 70–90–100 
means that a trial consists of three steps, each of which 
corresponds to a pressure head difference of 70, 90 and 
110 cm, respectively. Furthermore, the total grouting time 
for any trial was set at 45 s, that is, the grouting time allo-
cated for each step was 15 s, denoted as 15–15–15.

Prior to each test, the high-speed camera was turned 
to ensure that the entire trial was filmed, and the level 
of the transparent fracture replica was set using the lift-
ing platform. The mixture of silica sol and saline solution 
was poured into the grout tank. Once the viscosity of the 
mixture approached the specified viscosity, the timer was 
started, and the valve was opened to allow injection of the 
grout into the fracture. During the grouting experiment, 
variation of the injection pressure was achieved by mov-
ing the tank to the corresponding height on the grouting 
platform. The pressure was determined according to Eq. 6.

where ρ is the density of the mixture of silica sol and saline 
solution, which was measured in every test, pg is the grout-
ing pressure, g is the acceleration of gravity, and h is the 
vertical height from the fracture replica to the grout fluid 
surface.

At the end of each trial, the fractured replica was 
washed with pressurized water and compressed air for 
approximately 2 min, and the injected silica sol slurry was 
completely discharged from the fracture replica.

(6)pg = �gh,

Fig. 3   Grouting system setup with all components. 1—adjustment 
pressure difference system; 2—grout tank; 3—lifting platform; 4—
transparent fracture replica; 5—high-speed camera; 6—rotational vis-
cometer; 7—PC
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Table 2   Experimental and theoretical results for grouting in a fracture with an aperture width of 200 μm

Trial no. Slurry selected Pressure head dif-
ference, △H (cm)

Injection time, t (s) Radius of separation (m) Relative grouting 
efficiency

Differences ratio 
(%)

Ical I*cal Iexp RGEcal RGEexp βI βRGE

1–1 G1 70–90–110 15–15–15 0.16 0.161 0.159 0.994 0.994 − 0.6 0
2–1 50–90–130 15–15–15 0.161 0.163 0.154 0.988 0.963 − 4.3 − 2.5
3–1 90–90–90 15–15–15 0.164 0.164 0.16 1 1 − 2.4 0
4–1 110–90–70 15–15–15 0.162 0.159 0.163 1.019 1.019 0.6 0
5–1 130–90–50 15–15–15 0.163 0.159 0.166 1.025 1.038 1.8 1.3
6–1 90–110–130 15–15–15 0.172 0.173 0.168 0.994 0.918 − 2.3 − 7.6
7–1 70–110–150 15–15–15 0.174 0.176 0.17 0.989 0.929 − 2.3 − 6.1
8–1 110–110–110 15–15–15 0.178 0.178 0.183 1 1 2.8 0
9–1 130–110–90 15–15–15 0.181 0.179 0.187 1.011 1.022 3.3 1.1
10–1 150–110–70 15–15–15 0.17 0.167 0.178 1.018 0.973 4.7 − 4.4
1–2 G2 70–90–110 15–15–15 0.076 0.077 0.069 0.987 0.896 − 9.2 − 9.2
2–2 50–90–130 15–15–15 0.074 0.077 0.065 0.961 0.844 − 12.2 − 12.2
3–2 90–90–90 15–15–15 0.075 0.075 0.077 1 1 2.7 0
4–2 110–90–70 15–15–15 0.076 0.075 0.08 1.013 1.039 5.3 2.6
5–2 130–90–50 15–15–15 0.077 0.075 0.082 1.027 1.065 6.5 3.7
6–2 90–110–130 15–15–15 0.084 0.085 0.082 0.988 0.965 − 2.4 − 2.3
7–2 70–110–150 15–15–15 0.083 0.084 0.076 0.988 0.894 − 8.4 − 9.5
8–2 110–110–110 15–15–15 0.084 0.084 0.085 1 1 1.2 0
9–2 130–110–90 15–15–15 0.085 0.084 0.094 1.012 1.106 10.6 9.3
10–2 150–110–70 15–15–15 0.087 0.085 0.096 1.024 1.129 10.3 10.3

Table 3   Experimental and theoretical results for grouting in a fracture with an aperture width of 250 μm

Trial no. Slurry selected Pressure head dif-
ference, △H (cm)

Injection time, t (s) Radius of separation (m) Relative grouting 
efficiency

Differences ratio 
(%)

Ical I*cal Iexp RGEcal RGEexp βI βRGE

11–1 G1 70–90–110 15–15–15 0.192 0.194 0.187 0.99 0.964 − 2.6 − 2.6
12–1 50–90–130 15–15–15 0.194 0.195 0.19 0.995 0.979 − 2.1 − 1.6
13–1 90–90–90 15–15–15 0.195 0.195 0.194 1 1 − 0.5 0
14–1 110–90–70 15–15–15 0.192 0.189 0.195 1.016 1.005 1.6 − 1.1
15–1 130–90–50 15–15–15 0.196 0.19 0.197 1.032 1.015 0.5 − 1.6
16–1 90–110–130 15–15–15 0.215 0.219 0.212 0.982 0.942 − 1.4 − 4.1
17–1 70–110–150 15–15–15 0.21 0.222 0.22 0.946 0.978 4.8 3.4
18–1 110–110–110 15–15–15 0.206 0.206 0.225 1 1 9.2 0
19–1 130–110–90 15–15–15 0.235 0.222 0.243 1.059 1.08 3.4 2
20–1 150–110–70 15–15–15 0.245 0.227 0.248 1.079 1.102 1.2 2.1
11–2 G2 70–90–110 15–15–15 0.091 0.093 0.083 0.978 0.856 − 8.8 − 12.5
12–2 50–90–130 15–15–15 0.089 0.091 0.084 0.978 0.866 − 5.6 − 11.5
13–2 90–90–90 15–15–15 0.093 0.093 0.097 1 1 4.3 0
14–2 110–90–70 15–15–15 0.094 0.093 0.105 1.011 1.082 11.7 7
15–2 130–90–50 15–15–15 0.093 0.093 0.103 1 1.062 10.8 6.2
16–2 90–110–130 15–15–15 0.1 0.101 0.092 0.99 0.958 − 8 − 3.2
17–2 70–110–150 15–15–15 0.097 0.099 0.087 0.98 0.906 − 10.3 − 7.6
18–2 110–110–110 15–15–15 0.1 0.1 0.096 1 1 − 4 0
19–2 130–110–90 15–15–15 0.1 0.097 0.113 1.031 1.177 13 14.2
20–2 150–110–70 15–15–15 0.103 0.101 0.11 1.02 1.146 6.8 12.4
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Results of the tests

Grouting process

A high-speed camera was used to film the grout dispersion 
in each trial. The diffusion radius of the experiments could 
be interpreted from the captured video at an interval of 3 s. 
The video is captured in real time, and at each time step 
the video is paused and a photo is derived. The penetration 
length at any time is the average value of the intercepts 
with the x-axis and y-axis.

The results are listed in Tables 2 and 3. In these tables, 
Iexp is the actual radius of the dispersion at the end of the 
injection time (45 s), Ical is the radius calculated based on 
the measured slurry viscosity and grouting pressure, and 
I*cal is the predicted radius obtained by using the measured 
viscosity and the calculated constant grouting pressure 

for each trial. Note that, in these predicted results, the 
measured adjustment grouting pressure is obtained using 
Eq. 6, and the calculated constant pressure is the average 
of changing the injection pressure of three stages in one 
experiment. The viscosity function of the injection time is 
established in every trial according to Eqs. 4 and 5. More-
over, βI and βRGE represent the difference ratio between 
the actual values and predicted values for the radius of 
separation and relative grouting efficiency, respectively.

The results indicate that the theoretical model gave 
somewhat faster grout flow than the actual results for the 
grouts with a slow-growth viscosity (i.e., G1); however, 
the reverse is true for the grouts with a rapid-growth vis-
cosity (i.e., G2). In addition, the actual penetration length 
is much larger than the theoretical data under the phased 
reducing pressure condition. In principle, however, there 
was good agreement between the predicted calculations 

Fig. 4   Actual and theoretically predicted propagation under dynamic 
pressure adjustment condition in the fracture with aperture width 
200 μm. a Average pressure difference of 90 cm for grout G1, b aver-

age pressure difference of 110  cm for grout G1, c average pressure 
difference of 90 cm for grout G2 and d average pressure difference of 
110 cm for grout G2
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based on the stepwise method and the actual values, espe-
cially for the weak rheological grout G1.

Both the actual and theoretical propagation results as a 
function of time are depicted in Figs. 4 and 5.

The theoretical penetration lengths are calculated based 
on the modified stepwise algorithm proposed by Wei et al. 
(2019), and the time-varying function of slurry viscosity 
required in the calculation process is obtained by fitting 
the measured data using a rotational viscometer. As shown 
in Figs. 4 and 5, the actual penetration lengths agreed 
fairly well with the theoretical calculations, especially for 
grout G1.

In addition, three grouting processes involved in each 
diagram consume equal mechanical energy, but the cor-
responding penetration length versus time curves show a 
different trend. Under the condition of constant pressure 
grouting, the penetration length increases with increasing 
grouting durability time, and the penetration rate declines 

due to the decreasing flow rate and radial flow manner. 
As the grouting pressure increases or decreases step by 
step, the grout propagation tendency shows observable 
phase change characteristics. In each stage, the penetra-
tion rate undergoes a gradual reducing process. However, 
as the slurry viscosity increases over time, this tendency 
becomes unclear. Under the above three grouting pressure 
adjustment conditions, the maximum penetration length 
produced by periodic-reducing pressure, constant pressure, 
and periodic-increasing pressure decreases successively, 
which is verified by both the theoretical and measured 
results.

Grouting efficiency

The theoretical and experimental RGE was calculated 
according to Eq. (3). The theoretical value of RGE is defined 
as the ratio of the theoretical GE for each trial to that of the 

Fig. 5   Actual and theoretically predicted propagation under dynamic 
pressure adjustment condition in the fracture with aperture width 
250 μm. a Average pressure difference of 90 cm for grout G1, b aver-

age pressure difference of 110  cm for grout G1, c average pressure 
difference of 90 cm for grout G2 and d average pressure difference of 
110 cm for grout G2
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corresponding constant pressure grouting test. Since pres-
sure grouting is the objective in this paper, the mechani-
cal energy consumption under dynamic pressure grouting 
is equal to the corresponding constant pressure grouting. 
Notably, the variation in the slurry viscosity used in each 
trial cannot be completely synchronized, resulting in slight 
differences in the theoretically predicted propagation dis-
tance. Similarly, the measured RGE is obtained by dividing 
the actual maximum diffusion distance of each grouting test 
by the result of the corresponding constant pressure grout-
ing test.

Tables 2 and 3 list the RGE and difference ratios for the 
hydraulic apertures of 200 μm and 250 μm, respectively. 
The experimental data were consistent with the theoretical 
results, especially for the low-speed growth viscosity grout 
G1. The comparison between the calculated and experimen-
tal RGE values for a hydraulic aperture of 200 μm, as shown 
in Fig. 6, indicates that the pressure adjustment scheme has 
a profound impact on the GE. The RGE of phased increased 
pressure schemes is lower than 1, while the RGE of the 
phased decreased pressure schemes is greater than 1. Fur-
thermore, the change stage of the slurry viscosity also has 
an obvious influence. When the slurry grout is at a relevant 

lower viscosity period, the RGE of the phased increased 
pressure grouting ranges from 0.918 to 0.994, while the 
values of the phased reduced pressure varies from 0.973 
to 1.038. However, as the grout with high-growth viscosity 
is adopted, the RGE deviates significantly from 1, and the 
value range is 0.844–0.965 and 1.039–1.129 for the phased 
increased pressure grouting and the phased reduced pressure 
grouting, respectively.

The comparison between the calculated and experimental 
RGE values for a hydraulic aperture of 250 μm is illustrated 
in Fig. 7. The effects of the adjustment schemes on the RGE 
showed a similar trend. In terms of the silica sol in the low-
speed growth viscosity stage, the influence of variable pres-
sure grouting on the GE could be ignored. For the silica 
sol with high-speed growth viscosity, the phased increased 
pressure grouting results in a 4.2–14.4% reduction in the 
GE compared with constant pressure grouting, while the GE 
could be increased by 6.2 ~ 17.7% when selecting the staged 
reduction pressure scheme.

Fig. 6   Actual and theoretical relevant grouting efficiency in a fracture 
with an aperture width of 200 μm: upper diagram for grout G1 and 
lower diagram for grout G2

Fig. 7   Actual and theoretical relevant grouting efficiency in a fracture 
with an aperture width of 250 μm: upper diagram for grout G1 and 
lower diagram for grout G2
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Discussion

This study is not intended for a specific engineering case, but 
mainly discusses the effect of the adjustment of the grout-
ing pressure at the injection hole on the fracture GE. In the 
analysis, two issues are emphatically discussed: one issue is 
to obtain the maximum slurry diffusion range while consum-
ing the same mechanical energy during the pressure grouting 
process; and the other issue is to obtain access to improve 
the fracture GE for typical grouts with varying rheology.

A series of experiments revealed that a change in the 
injection pressure during a grouting process can affect the 
fracture GE absolutely. Generally, the GE under phased 
increasing pressure conditions is lower than that under con-
stant pressure grouting. Moreover, phased decreased pres-
sure grouting can significantly improve the GE, especially 
for slurries with high-speed growth viscosity.

The study of GE is of profound significance for grouting 
design. The dynamic adjustment of the grouting pressure 
can allow the penetration region to meet the design value 
while avoiding the surrounding rock bearing high grouting 
pressure during the entire injection process. In addition, a 
reasonable adjustment of the grouting pressure can effec-
tively promote grout propagation, especially for fractures 
with a narrow aperture.

In engineering practice, most grouting materials, such 
as cement–sodium silicate paste and silica sol, exhibit dif-
ferent rheological properties, which are characterized by a 
phased variation. In terms of grouts with different rheologi-
cal stages, suitable pressure adjustment schemes should be 
selected. When the viscosity of the grout remains at a con-
stant period or low-speed growth stage, constant pressure or 
phased increased pressure grouting can be considered. Nev-
ertheless, phased reduced pressure grouting should be cho-
sen as the viscosity of the grout enters a high-speed growth 
period to increase the grout penetration length.

Conclusions

A series of experiments were performed for typical grouts 
with time-dependent viscosity into a fracture under a phased 
changed injection pressure using a grouting system with a 
transparent fracture replica. A total of three major influenc-
ing factors on the fracture GE were taken into consideration 
in the experiments: the rheological property of the grout, 
adjustment scheme of injection pressure, and hydraulic aper-
ture. The analysis of the experimental results indicates that 
the pressure adjustment mode is a deterministic factor for the 
deviation of the fracture GE (i.e., improvement or reduction 
in the GE); moreover, the change degree is dominated by the 
rheological property of the selected grout to a certain extent. 

However, for microfissures, the influence of the hydraulic 
fissure width of GE could be negligible.

Comparatively, in terms of a grouting process that con-
sumes an equal total mechanical energy, the slightest pen-
etration length can be generated under periodic-increasing 
pressure conditions, whereas the maximum value can be 
obtained by a step-by-step reduction in the injection pres-
sure. For the grout with slow-growth viscosity, G1, the 
change degree of the GE produced by the phased variation 
pressure is approximately 3.67%, while for the grout with 
rapid-growth viscosity, G2, the value increases to more 
than 10%. Consequently, higher grouting pressure should 
be applied according to the limitation of the grouting pump 
during the earlier grouting period. In this stage, the selected 
slurry is characterized by relatively low viscosity and high 
fluidity; moreover, higher grouting pressures could promote 
the effective dispersion of the slurry in a fracture. However, 
it should be noted that the hydraulic fracturing of the sur-
rounding rock mass should be avoided by the applied grout-
ing pressure. In addition, the result indicates that the meas-
ured penetration length versus injection time curves agree 
well with the theoretical values.
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