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Abstract

The grouting methods have been widely adopted to improve the mechanical properties of weak rock
masses in civil engineering, while the current study on grouting mechanism is still limited. Pressure
monitoring is one of the most challenging problems when doing experimental tests on mockups and
scaled models to study grouting mechanism. Based on a tunnel engineering case, this paper developed
a grouting test to verify feasibility of the use of Fiber Bragg Grating (FBG) sensors in monitoring
the pressure generated by grout injection, as well as to obtain the relationship between it and the external
pipeline pressure. A total of 14 FBG sensors, mainly in the vault, spandrel and hance of the tunnel
arch, were installed into the scaled model. Then, three grout injections were implemented to strengthen
the weak rock mass. It could be measured that the average pressure increment and peak pressure
increment of each sensor in the M1 grouting could reach 13 kPa~79 kPa and 25 kPa~89 kPa,
respectively. The FBG sensors are therefore capable of monitoring the pressure caused by grouting.
In addition, there was a pressure loss when the grout flowed from the pipes to the rock mass, which
can reach 53.8%~82.9%, i.e. the pipeline pressure was larger than the actual pressure that drives grout
diffusion, and this is mainly caused by the pipe friction and grout viscosity resistance. Therefore,
a certain reduction coefficient should be taken when using external pipeline pressure to calculate
the grout diffusion radius in engineering applications, otherwise the calculated values will be too large.
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Introduction

For practical purposes, the grouting methods, with
the advantages of pretty good safety and economy, have
been widely used to improve the mechanical properties
of weak rock mass in the fields of tunnels, mines, metros,
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highways and dams [1-4]. Driven by high pressure
provided by pumping equipment, the grouts are injected
into ground through the grouting pipes to densify
and combine with it, thus improving its properties.
To perform an efficient grouting intervention, an
accurate planning of the grouting method is necessary,
however, the current understanding of grouting
mechanism is still limited, which conditions the design
of grouting engineering to empirical methods [5-7].
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The grouting test method can closely simulate the
actual working conditions of grouting engineering,
then it has been increasingly used to study grouting
mechanism in the past few decades. For example,
Zhang [8], Du [9], Bolisetti [10] and Gothall [I11]
conducted grouting tests to study grouting diffusion
mechanism in porous media, respectively. Yun et al.
[12] experimentally investigated the injection process
of fracture grouting in weathered granite soil. Murdoch
[13-15] developed an experiment setup to study the
shape and dimensions of grout fractures in clay soil.
Nevertheless, these tests are limited to the final shape of
solidified grout body that was exposed in the excavation
for rock mass after grouting. On this basis, Li et al. [16]
and Sui et al. [17] conducted experimental investigation
on grout diffusion mechanism in transparent fracture
replica to obtain the real-time and dynamic diffusion
process of grout, and the parameter of injection velocity
was also measured by use of fiber optical sensors,
while the key parameters such as pressure generated
by grouting could not be obtained, which resulted in
insufficient analysis of grouting mechanism. This is
mainly because pressure generated by grouting is the
basic data needed to calculate key parameters such
as grout diffusion radius in engineering applications,
therefore, the pressure monitoring has become one of the
important problems restricting the further development
of grouting tests. For traditional monitoring methods,
the pressure monitoring is usually achieved by
pressure gauges, but only limited to the external
pipeline pressure, which is directly adopted in relevant
calculations such as grout diffusion radius. However, the
external pipeline pressure is not equal to the pressure
driving the grout diffusion, and this will lead to some
calculation errors. Therefore, it is necessary to obtain
the relationship between the external pipeline pressure
and the pressure that actually drives grout diffusion.

To offer a contribution to the solution of the
aforementioned problem, an experiment was made on
a scaled model to verify the feasibility of Fiber Bragg
Grating (FBG) sensors in monitoring the pressure
generated by grout injection. A total of 14 FBG sensors
were installed into the scaled model to measure the
real-time pressure during grouting, which is the actual
pressure that drives grout diffusion, also to obtain
the relationship between it and the external pipeline
pressure.

Material and Methods
Scaled Grouting Test System

Yonglian tunnel, located at the highway from Ji’an
City to Lian’hua City, in Jiangxi Province, China, built
between 2012 and 2015, suffered multiple rock mass
failure such as collapse and mud inrush during the
construction process [18-21]. This was mainly due to
the exposure of the fault during the tunnel excavation,

and it is composed of highly weathered sandstone and
shale with extremely low strength and permeability.
Hence, the grouting method was applied to improve the
properties of weak rock mass. On this basis, a set of
test system is developed to study grouting mechanism,
also to provide parameters references for engineering
applications.

The test design follows the similarity principle, with
a similar ratio of 1:60 to Yonglian tunnel. The tunnel
diameter is therefore selected as 150 mm. The test
system consists of scaled model (see Fig. 1), grouting
pumping equipment, and multi-parameter acquisition
module. The grouting equipment is a manual grouting
pump, the injection pressure of which can reach 5 MPa,
and the flow rate per stroke is 0.1 L. By adjusting the
pumping frequency, the injection rate can be controlled
to achieve the grouting under the conditions of small
flow and high pressure. Considering that tunnel
excavation is actually affected by geostress, on basis of
the same similarity ratio, the geostress of 0.3 MPa is
applied to the test device by using hydraulic oil cylinder.
In addition, a steel plate is placed on top of the test
device. On this basis, the hydraulic pressure is loaded to
the center of the steel plate, through which the pressure
could be transmitted to achieve uniform geostress
loading. The geostress loading needs to be conducted
before grouting procedure. Pressure monitoring is an
important component of the multi-parameter acquisition
module, and the pressure sensors are installed inside the
scaled model.

Selection of Pressure Sensors
By using pressure gauge, the traditional monitoring

methods only focus on pipeline pressure, but cannot
monitor the pressure inside the rock mass. In this

steel plate

Fig. 1. Sketch of the scaled model.
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Table 2. Locations and label of FBG sensors.

Section Location D(lrsr:?;l)c N Label

LV1 Vault 50 LVISP

LV2 Vault 150 LV2SP

LV3 Vault 250 LV3SP

RV1 Vault 50 RVISP

RV2 Vault 150 RV2SP

RV3 Vault 250 RV3SP

LS1 Spandrel 50 LS1SP

LS2 Spandrel 150 LS2SP

RS1 Spandrel 50 RS1SP

RS2 Spandrel 150 RS2SP
S3 Spandrel 250 S3SP

LM1 Hance 100 LMI1SP

RM1 Hance 100 RM1SP

M2 Hance 300 M2SP

Fig. 3. Picture of static strain instrument.

study, pressure monitoring of rock mass is realized by
means of built-in sensors. The size of the sensor should
be as small as possible in the grouting test to avoid
interference with the grout diffusion path. Furthermore,
the grouting test is usually performed under the
condition of high injection pressure [22-25], therefore,
the pressure measurement range of the sensor should
be large enough. Given this, the FBG sensors (Fig. 2),
with the advantages of small size, high precision, large
range and small error as tabulated in Table 1, were
selected to monitor the pressure generated by grouting
in the test.

The pressure sensors are coupled by a multi-
channel grating demodulator (developed by Shandong
University), which can realize the parallel acquisition of

Table 1. The main parameters of FBG sensors.

multiple sensors. Besides, the static strain instrument,
as shown in Fig. 3, with stable performance, good anti-
interference ability and fast scanning capability, is used
for the output of the pressure data. In this way, the
pressure generated by grouting in the rock mass could
be presented in real time.

Layout and Installation of FBG Sensors

The FBG sensors were mainly placed in the locations
where failure were expected such as vault, spandrel and
hance of the tunnel arch. In addition, other sensors
were placed around the tunnel excavation contour line.
The influence of grouting pressure on surrounding
rock is different near and far from the excavation
contour line, in order to obtain relevant pressure
data, there was a total of 3 sections with the distance
from the contour line 50 mm, 150 mm, 250 mm,
respectively. The left and right tunnels were provided
with sensors in the same way. A total of 14 FBG sensors
were installed inside the scaled model, as shown in
Table 2 and Fig. 4.

According to the designed locations, the FBG
sensors were installed into the scaled model.
The specific procedure for installation was positioning,
trenching, placing sensors and filling, as shown in
Fig. 5.

Range Precision

Measurement error

Connector Size

0~2 MPa +20 Pa

<3 kPa

Standard FC ¢25%10 mm
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Fig. 4. Diagram of FBG sensors layout.

Design and Implementation of Grouting Method

The grout injection process was performed after
water and mud inrush of the tunnel in the test, therefore,
the weak rock mass above the tunnel was the key place
that needs to be strengthened. As illustrated in Fig. 6a),
three sets of grouting pipes (L1, R1 and M1) with a same
inner diameter of 8 mm and a same length of 745 mm
were installed into the scaled model, and the distances

a)

from their tops to the tunnel excavation contour line
were 78 mm, 46 mm and 78 mm, respectively. Grout
injection could be realized by the grouting pumping
equipment, which is a power device for injecting grout
into the rock mass. On this basis, three grout injections
were implemented to strengthen the weak rock mass
above the left tunnel, right tunnel and their middle
area, respectively, so as to realize the comprehensive
improvement of the properties of the weak rock mass.

Fig. 5. Diagram of sensors installation: a) positioning, b) trenching, c) placing sensors, d) filling.
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a)

Fig. 6. Implementation of grouting: a) layout of grouting pipes, b) sealing, ¢) grout preparation, d) grout injection.

In order to realize grout injection under high
pressure condition, the grouting pipes were connected
with the setup and sealed with sealant, as shown
in Fig. 6b). Fig. 6¢) shows that the cement grout with
a ratio of 1 was used as grouting material. After that,
three grout injections were conducted by use of a
manual piston grouting pump, with the maximum
injection pressure and injection rate selected as 1 MPa,
and 2~10 L/min, respectively. In order to prevent the
damage to tunnel caused by the excessive injection
pressure, the end standard of grouting is to stop
grouting immediately after reaching the maximum
grouting pressure.

Results and Discussion
Monitored Pressure Changes by the M1 Grouting

Fig. 7 shows that the sensors have initial pressures
ranging from 20 kPa to 50 kPa, due to the influence
of the gravity of rock mass and the disturbance of
water and mud inrush. Then the pressures in the rock
mass increase rapidly immediately after the start of
grouting. Finally, the pressures drop to stable values
when the grouting was finished. Therefore, the changes
in pressure can be classified into three stages: (a) initial
pressure, (b) pressure induced by grouting and (c) stable
pressure.

This analysis mainly focuses on the pressure induced
by grouting. In order to quantify the pressure changes
caused by grouting, the average pressure increment and

peak pressure increment of each sensor were calculated,
and they could reach 13 kPa~79 kPa and 25 kPa~89 kPa,
respectively, which could be explained by the volumetric
shrinkage of the rock mass caused by the injected grout.
In addition, the pressures at the spandrel and hance
are relatively large, and this mainly because these two
locations are prone to pressure concentration with the
influence of tunnel excavation and mud inrush.

It also could be seen from Fig. 7 that some sensors
show different trends, e.g. the sensor RSISP has
significantly higher pressure than others, and the
pressure curves of the sensors LMISP and RS2SP
are fluctuating. This is mainly because the direction
of grout flow is constantly changing, i.e. grout flow
always tends to weak points in the rock mass, while
weak points are also constantly changing positions due
to grout injection. Therefore, the pressure at the places
where the grout flows will be large. Moreover, changes
in the locations of grout flow may cause pressure
fluctuations.

Discussion on Applied Pressure in Grouting
Calculations

In engineering applications, the pressure that
drives the grout diffusion is one of the most important
parameters applied in related calculations such as grout
diffusion radius [13, 23], and the existing analytical
models commonly used the external pipeline pressure
directly, which can be monitored by the pressure
gauge. However, whether the external pipeline pressure
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is the same as the actual pressure that drives the grout
diffusion is controversial. Therefore, this study also
aims to obtain the relationship between the external
pipeline pressure and the pressure that actually drives
grout diffusion, and they were monitored by the
pressure gauge and FBG sensors in this test, as shown
in Fig. 8.

In the M1 grouting test, it could be measured by
pressure gauge that the external pipeline pressure was
100.67 kPa, as shown in Fig. 7. By calculating the
difference between the peak pressure and the initial
pressure, the peak pressure increment induced by
grouting ranging from 17.2 kPa to 46.5 kPa could be
obtained, as tabulated in Table 3. It can be concluded
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Fig. 7. The pressure curves in the M1 grouting.

Pipeline pressure

Actual preg

routing pipe

Grout flow . i

Grouting pumping equipment Scaled model
Fig. 8. The pressure curves in the M1 grouting.
Table 3. Pipeline pressure loss in the M1 grouting.
Label of sensors RS1 RS2 LM1 RM1 RV2 Lv2 LV1 RV1 M2
Initial pressure (kPa) 71.8 19.3 18.5 11.3 8.1 7.6 1.9 2.2 1.9
Peak pressure (kPa) 89 54 65 44 27 46 32 30 25
Peak pressure increment (kPa) 17.2 34.7 46.5 32.7 18.9 38.4 30.1 27.8 23.1
Pipeline pressure loss (%) 82.9 65.5 53.8 67.5 81.2 61.8 70.1 72.3 77.1
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that the pipeline pressure is significantly larger than
the actual pressure that drives grout diffusion, and the
pressure loss can reach 53.8%~82.9%. This is mainly
because the grout first flows through pipes to the rock
mass before it could diffuse, and the grout flow need to
overcome the friction of the pipe wall and the viscous
resistance of the grout itself. Therefore, the actual
pressure that drives grout diffusion is less than the
pipeline pressure.

Therefore, a certain reduction coefficient should be
taken when using external pipeline pressure to calculate
the grout diffusion radius in engineering applications,
otherwise the calculated values will be too large.

Conclusions

In this paper, a novel method for monitoring
the pressure generated by grout injection using
FBG sensors is presented. A total of 14 FBG sensors
were installed into the scaled model to measure
the real-time pressure curves during grouting.
Although this is an experimental case study, it shows
the potential of sensors for pressure monitoring in
practical grouting engineering. The conclusions could
be drawn as follows.

() Due to the volumetric shrinkage of the rock
mass caused by grout injection, the average pressure
increment and peak pressure increment of each sensor
in the M1 grouting could reach 13 kPa~79 kPa and
25 kPa~89 kPa, respectively.

(2) The pressures at the spandrel and hance
were relatively large, and this mainly because that
these two locations are prone to pressure concentration
with the influence of tunnel excavation and mud
inrush.

(3) The relationship between the external pipeline
pressure and the pressure that actually drives grout
diffusion was obtained. The pipeline pressure loss
in two grout injections ranged from 53.8% to 82.9%,
i.e. the pipeline pressure is larger than the actual
pressure that drives grout diffusion. Therefore, it is
necessary that a certain reduction coefficient should
be taken when using external pipeline pressure
to calculate the grout diffusion radius in engineering
applications.
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