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Abstract

Excessive deformation of tunnel lining structures can be identified as a common problem in Eastern
China soft ground. Grouting treatment is an effective and common method to actively mitigate
excessive cross-sectional deformation of tunnel lining rings in soft soils. However, grouting
operations would introduce localized heavy disturbance to the surrounding ground around the
grouting nozzles, causing large-deformational soil movement. The occurrence of large soil
movement makes it difficult to use traditional finite element methodologies when it comes to
modeling the effects of the grouting treatment on tunnel lining structures. To cope with this
challenge, this paper proposes a simulation framework based on the Material Point Method, which
enables explicit modeling of the grouting injection process and natural incorporation of large
deformation. On the other hand, a field experimental study of an operational shield metro tunnel
with grouting treatment has been conducted. The experimental study involved an extensive
monitoring scheme and various geometrical arrangements of the grouting operation, thus the data
from the field monitoring records enable a comprehensive comparison with the numerical results.
The comparison between the experimental and numerically simulated results from the grouting
treatment shows a satisfactory agreement. A sensitivity analysis of the grouting parameters is then

carried out. The results from both the field experiment and numerical simulation show that with the
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increase of the height and volume of the grout, the recovery effect of the horizontal convergence is
improved. However, limiting values of these grout parameters exist, beyond which any further
increase would become less effective. The relative positions of the grouting to the tunnel, both

horizontally and vertically, also show a sensitive effect.

Keywords: tunnel lining’s deformation, shield tunnel, grouting, numerical simulation, material point

method, sensitivity analysis
Highlights

» A field experiment of grouting treatment was conducted to study the grouting effects on tunnel
linings.

»  Material point method was used to explicitly model the grouting injection, considering large-
deformational soil movement naturally.

»  Effects of key grouting parameters were studied through a sensitive analysis to optimize

grouting design.

1. Introduction

Shield tunnel structures built in soft grounds are often found to suffer from problems of over-
deformation with excessive convergence, due to the low resistance of the surrounding soil against
the cross-sectional diametrical expansion of lining rings. The existing deformation could be further
enlarged due to adjacent construction-related soil movements, such as deep excavations or
unexpected surcharges. In some cases in Eastern China soft ground, the convergence was found to
almost reach the level corresponding to the ultimate bearing capacity of segmental linings (Wang,
2009; Huang et al., 2017).

Large convergence can lead to potential structural problems like cracking, spalling, and leakages.
Therefore, adequate control measures are vital for the safety of tunnel structures. In recent years,
researchers have developed several methods to solve this kind of problems in engineering practice,
such as using steel ring reinforcement (Kiriyama et al., 2005), polyester patching reinforcement
(Banthia, 2013) and grouting-based approaches (Ding et al., 2019). Unlike the reinforcement-type
passive deformation control methods, grouting-based treatment methods introduce active control
mechanisms enabling recovery of the over-deformed lining rings to an acceptable level. During the
grouting treatment, fast-setting grout is injected into the soil, generating a soil-concrete mixture with
enhanced ground resistance to the developing lining expansion movements. In the meantime, the
treatment also introduces counter-pressure against the unbalanced pressure released by adjacent
engineering activities. Successful applications of this procedure have been reported from several
grouting projects, especially in soft soil areas like the Eastern China soft ground (Xie et al., 2007,
Zhang et al.,2010).

The effect of grouting can be better understood through suitable theoretical methodologies, in-
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situ, and mock-up experiments. Several analytical solutions have been developed to describe the
evolution of grouting behaviors, especially the grouting pressure (e.g. Ye et al, 2009). These
theoretical formulations involve simplified assumptions such as constant grouting and flow
parameters (stress, velocity, and volume) and do not take into account the complexities that can
often arise in real engineering conditions. Therefore, these solutions can find themselves difficult to
apply for complex projects. Moreover, to obtain the key parameters used in these simplified
solutions, the field monitoring would generally be required (Harris et al., 1994, Bezuijen et al.,
2004). Since field measurement works are understandably restricted to specific conditions of a given
project, some mock-up experiments have been conducted in the grouting research studies (Bolton,
1996; Ding et al., 2019; Zhao et al., 2019) to replicate various situations and extend the validation
of parameters in the corresponding theoretical equations. However, such experimental exercises can
be costly and also time-consuming.

Considering the limitations of the analytical and experimental methodologies, numerical methods
tend to provide a more versatile means to simulate the grouting process and its effects under realistic
soil and tunnel structural conditions. Traditional finite element analysis (FEA) has been widely used
in grouting project modeling. In the FEA framework, grouting is commonly simulated by applying
internal pressure to the corresponding elements in the grouted region. Specifically, in some studies,
this internal pressure is loaded onto the zero-thickness embedded interface elements (Wisser et al.,
2005; Lambrughi et al., 2012; Oh and Ziegler, 2014; Liu et al., 2016), and in some other studies it
is loaded onto the grout layer elements (Soga et al., 1999; Kasper and Meschke, 2006; Katebi et al.,
2015). It is clear that under such FEA framework the material injection process of grouting is not
represented explicitly, and instead, the grouting-induced pressure is exerted to the surrounding soil
with approximate pressure evolution. Therefore, the complex interaction between the grouting
operation and the soil is largely missing. As a matter of fact, the grout injection with a high pressure
usually involves large localized ground deformation around the grouting nozzles; it is difficult for
mesh-based methods like FEM to model adequately such large deformation effects due to elemental-
distortion related issues.

As a new generation mesh-free numerical method, Material Point Method (MPM) is free from
the above limitations, and is therefore inherently more suitable to simulate this problem. The MPM
is one of the latest and popular developments in Particle in Cell (PIC) methods (Nguyen, 2014).
Originally developed for hydrodynamic problems, it is currently growing in its popularity in solving
solid mechanics problems (Richefeu and Villard, 2016), especially those involving large
deformations such as excavations (Cheng et al., 2015, Fern, 2019), footing strips (Woo and Salgado,
2018) and slope failures (Wang, 2016). The MPM discretizes the objects being modeled into a series
of material particles, which carry with them all state variables including mass, velocity, strain, stress,
etc. A particular material subdomain is also assumed to concentrate on the corresponding particles.
The computation procedure of the MPM is schematically illustrated in Fig.1. Details of the MPM
formulations can be found in the relevant literature (Sulsky, 1994; Fern, 2019).
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This paper proposes a detailed modeling workflow to simulate the grouting treatment operations
for shield tunnel projects based on the MPM, enabling explicit modeling of the injection process
and therefore, the detailed grouting procedures. On the other hand, a full-scale grouting treatment
field experiment has been carried out in Eastern China soft ground. The experiment provides first-
hand field data for an analysis of the effects of a varying arrangement of the grouting on the
reduction of the existing convergence, and the experimental data also enables validation and
comparison for the proposed numerical modeling scheme. Detailed simulation results and
monitoring records of lining ring deformational behaviors under grouting operations are compared
and discussed. A systematic parametric study is subsequently carried out to investigate the effects
of variations of the grouting parameters, such as relative positions, grouting height, and grouting
volume. On this basis, recommendations are made for the design of grouting operations in

engineering practice.

2. Tunnel lining grouting treatment and field monitoring
2.1. Excavation-induced large tunnel deformation

2.1.1  Background

Recent years have seen a rapid expansion of metro systems in big cities in China as an effective
means to increase urban transportation capacities and ease the pressure of traffic congestions. This
also tends to incentivize the further expansion of the city itself, bringing more buildings to be
constructed along the metro corridors. As a result, more engineering activities take place in close
proximity to the metro tunnels, generating potential problems to the tunnel structures (Li et al., 2016,
Hu et al., 2003). Engineering activities like deep excavations, surcharges, or tunneling introduce
additional deformation to the existing tunnel structures, which can adversely affect the safety of the
tunnel. For soft ground cases, the deformational problem is known to be particularly significant
(Wang, 2009; Huang et al., 2017; Ding and Xu, 2017).

In this section, we will examine a case where a section of a shield metro tunnel was heavily
disrupted by nearby large deep excavations. The disrupted section of the tunnel is situated in the
soft ground in a newly developed urban region in Nanjing, China. The excavations led to excessive
cross-sectional deformation of the tunnel, and active mitigation measures using grouting treatment
were subsequently introduced to retrofit the tunnel lining structures.

The tunnel sections were bored by earth pressure balanced tunneling machines and subsequently
put into service in 2010. After 2 years of operation, deep large excavations started close to both
sides of the twin tunnels as part of a development project for a financial center consisting of 10
high-rise buildings. Fig. 2a shows a plan view of the construction sites. The whole excavation site
was divided into four zones. The excavation in the zone I and zone III were deemed to be the main
reason causing the tunnel offloading effect, so herein we focus our attention on the excavation in

these two zones.



2.1.2  Soil properties

The geology of this region features a typical Nanjing soft deposit characterized by layered
formations. The stratum mainly consists of the made ground, silty clay, and fine sand. Thick muddy
silty clay constitutes a great proportion of the upper stratum and forms the major weak layer of the
deposits, which is characterized by low permeability, high water contents, and low resistance to
tunnel diametrical expansion. Beneath the muddy silty clay, the fine sand is another major thick
deposit, overlaying coarse sand and weathered mudstone. Fig. 2bError! Reference source not
found. shows the spatial relationship between the twin tunnels to the excavation zone I and zone
111, and the representative cross-sectional geological profile of the soil formation at the grouting
testing site, which is extracted from borehole data.
2.1.3  Lining structures

Fig.3aError! Reference source not found. shows the typical tunnel lining design. The lining
ring is staggered-joint assembled by 6 prefabricated RC segments with an outer diameter of 6.2 m,
a width of 1.2 m, and a thickness of 0.35 m. Adjacent segments are connected with two M30 curved
steel bolts with a strength of 400 MPa. As a reference, the maximum convergence of these linings
immediately after the completion of the tunneling stage was about 0.2%D (D is the outer diameter
of the tunnel), which was within an acceptable range. No obvious fast-evolving development of the
deformation was observed before the start of the nearby excavations. As such, the initial
deformation after the completion of the tunneling is deemed to have no influence on the large
convergence problem due to the excavations.

2.1.4  Tunneling procedures

The excavation in the zone I was initiated in Feb. 2012 and completed by bottom concrete slab
casting in Jul. 2013. The whole substructure of zone I was completed in Nov. 2013. Excavation in
zone I1II followed right after the completion of the bottom slab casting in the zone I in Jul. 2013. By
Oct. 2013, the impacts from the excavations were found to be quite substantial for the cross-
sectional response of the tunnels. As shown in Fig.4, about 300 rings (ring number 460 to 760) in
the left line tunnel were heavily affected by the deep excavations, with the convergence-to-diameter
ratio, dD/D, being greater than 0.5%. In particular, rings 508 to 666 corresponding to zone I were
most affected and the dD/D ratio ranged from 1.02% to 1.40%, far beyond the relevant design
regulation (MOHURD, 2014).

To ensure the safe operation of the metro line, it was decided to address the issue using grouting
treatment on both sides of the deformed tunnel (left line) to push the tunnel shape back to an
acceptable deformation level and improve soil resistance. This method has been proven effective to
tackle similar problems in Shanghai (Zhang et al., 2018). However, the engineering experience of
using the grouting technique was limited for the specific geological condition in Nanjing at that
time. Therefore, a field grouting experiment on some selected rings (rings 580 to 588 of the left line
in Fig.4) were conducted first before the implementation of the technique on a larger scale, in the

hope to optimize the grouting parameters for the specific engineering practice.



The experiment was conducted from Oct. 30, 2013 to Nov. 10, 2013. It is worth noting that as the
grouting experiments were being conducted, the excavation activities in the zone I had already
finished, while excavation in zone III was in progress at its 3rd level and its effect on the left line
tunnel was expected to be insignificant due to the relatively large distance. Therefore it is reasonable
to ignore any incremental deformation due to excavation in the evaluation of the effects of the

grouting experiments, which will be presented in later sections.

2.2. Grouting treatment in the experiment

2.2.1  General introduction

Fig.5 presents the grouting system and working procedures. The basic idea was to create grouting
conductors from the ground and inject grout to the designed location near the tunnel. Before the
operation, accurate tunnel position was measured in terms of coordinates of tunnel outer side faces
and its burial depth. After this, holes were drilled according to the design to a depth of the tunnel
crown elevation. To maintain the integrity of the holes, casing pipes of similar diameter as the drilled
holes were installed inside the holes to prevent soil cave-in and facilitate an easy installation for
grouting pipes. Afterward, a grouting pipe was driven inside the casing pipe until its lower end
reached the tunnel heel elevation. The grouting injection system was then assembled by connecting
grouting pumps, flow meter, grouting mixer to the grouting pipes. The grouting injection system
was checked to make sure it was unobstructed before the actual grouting operation. After the
injection system was put in place, cement slurry and water glass were prepared. The grouting was
conducted using two separate pumps, each responsible for the injection of cement slurry and water
glass, respectively. The two liquids were mixed and injected into the grouting pipe through a
grouting mixer and monitored in real-time for the liquid flow rate by a flow meter.

The grouting was conducted in a manner to minimize its disturbance to the surrounding soil.
Specifically, the grouting pipe was lifted upwards at a steady speed using a special pipe-lifting
device as the grout-injection carried on, and the grout-injection was done slowly and steadily. After
the grouting procedure was completed and the grouting pipe was lifted to the lower end of the casing
pipe, the grouting pipe was kept still for about 10 minutes to allow for the initial settling of the
grouting materials. After this, the entire grouting pipe was lifted out from the ground by the pipe
lifting device to complete the grouting operation for one hole.

2.2.2  The geometry of the grouting process
Four different locations (A1, A2, B1, and B2 in Fig.5) were designed for the installation of

grouting tubes in different cases, which were symmetrically located to the center of the tunnel cross-
section, with A2 and B1 being closer to the tunnel. The total height of the grouting zone was set as
5.2 m originally, and the elevation of its bottom end is identical to that of the bottom of the lining
rings. However, the grouting positions from Oct. 30 to Nov. 6 were 2.7 m higher than the original
design (Position "I" in Fig.5), and this was caused by a mismeasurement of the tunnel's depth.
Additionally, the total height of the grouting zone on Nov. 7 was adjusted to 4.2 m (Position "II" in

Fig.5). These changes would have caused some deviation from the expected results, nevertheless,
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they should not affect the comparison with the numerical modeling and the variation in the positions
provides a diverse range of comparison cases.
2.2.3  Working schedule and grouting parameters

The grouting treatment was implemented to the rings Z580~Z588 in the left line tunnel. Fig.6
presents the detailed daily working schedule from Oct. 30, 2013 to Nov. 10, 2013. Four colored
cubes are used as the representation for different grouting positions (A1, A2, B1, and B2), while
gray cubes indicate the existing grout injections. Total grouting volumes unit in liter are also shown
for new grout injections each day. The grouting control parameters were determined empirically and
the details are given in Table. 1.

Table. 1 Empirical grouting control parameters

Grouting flow rate

. ) Grouting
Grouting Total area of grouting holes )
Q/L-min”' velocity
pressure  Pg )
4, /m 1
/MPa ) v, /m-s
Cement slurry Water glass
1.0 1x107* 14~16 5~10 42

2.3 Field monitoring

Automatic field monitoring was conducted to obtain the deformational response of the tunnel and
provide information for safety assurance and potential plan adjustment of the grouting operations.
Considering that the main objective of the grouting operation was to restore the ovalized tunnel
cross-sections towards the original circular shape, the horizontal convergence of the tunnel was used
as the main indicator to evaluate the deformation response. Leica TM30 robotic total stations and
reflection prisms, which were placed on the tunnel inner surface at its spring line, were used for the
deformation monitoring of the lining rings during the grouting experiment (Fig.3bError! Reference
source not found.). The accuracy of the monitoring system was calibrated to be smaller than +0.5
mm. Considering the requirements to achieve acceptable accuracy, the intervals between two total
stations were set to be no greater than 60 meters. In this way, all rings in the excavation-affected
zone were properly covered.

The monitoring system enabled the rapid acquisition of the deformation response at intended time
intervals. In the grouting experiment data acquisition, intervals were set at every 5 or 10 minutes,
according to the field-observed convergence changing rates. During the testing, the real-time
monitoring data were gathered and passed on to the grouting team to guide their grouting operations.
In the meantime, structural damages in terms of cracking, spalling, or leakages were also closely
inspected and monitored as the grouting operations were undergoing. Referring to the related
engineering experiences from Shanghai practice (Liao et al., 2009), warnings were issued to the
grouting team if convergence response exceeded 1 mm or minor structural damages were found
during the grouting operation, while immediate stop of the operation was required if convergence

change exceeded 5 mm, or significant structural damages were spotted.



2.4 Data analysis

2.4.1  Total convergence

The total station started acquiring data on Oct. 30, 2013 and provided the evolution of the
horizontal convergence at the middle cross-section of the grouting-treated lining rings from Z581
to Z589. Data were acquired during the grouting-treatment stage (Oct. 30, 2013 to Nov. 10, 2013)
and the after-grouting stage (Nov. 11, 2013 to Dec. 7, 2013). Fig.7a shows the measured horizontal
convergence over the above two periods. It can be seen that the evolutions from different rings share
a similar trend consisting of a descending period during the grouting process, and an ascending
period after the completion of grouting. The excess pressure generated tends to rupture the soil
surrounding the grouting nozzles, inducing a directional thrust onto the tunnel and thus pushing the
tunnel to retreat to a smaller convergence. Thereafter, due to the process of excess pore pressure
dissipation and the solidification of grout, the deformation recovery could not be maintained fully
and a certain amount of rebound occurred. Therefore, two phases of deformational response could
be identified, namely a recovery phase and a rebound phase, as follows:

(1) Recovery phase: In this phase, the total convergence was reduced by about 15 mm in each ring,
which was about 20% of the original value. As no grouting treatment was exerted for Ring 588-589
directly, the reduction of convergences was smaller here than in other rings.

(i1) Rebound phase: The rebound started following the termination of the grouting treatment, and
lasted for about 20 days The rebound in the first 10 days accounts for about 80% of the total rebound
value and finally led to a loss of about 35% of the recovery convergence by grouting.

The rebound phase is influenced by multiple factors such as the permeability of the soil and the
properties of the grout, and an in-depth discussion on these factors is out of the scope of this paper.
It is interesting to note that the total rebound value appears to exhibit a linear relationship with the
initial reduction of the convergence from grouting, as shown in Fig.7b, and this observation suggests
that the rebound value may be estimated in proportion to the recovery results. In this respect, we
shall focus on the under-grouting process and study the immediate effect of grouting on the
deformation of the linings in the context of large deformation problems.

2.4.2  Details of grouting effect

To study the grouting results of each single grouting treatment, the change of horizontal
convergence from each procedure is calculated by the difference between the values of total
convergence before and after grouting in a single day, and the results are shown in Fig.8. The effect
of grouting on the convergence of individual rings tends to diminish very quickly with increased
distance. The curves are presented in four groups based on the positions to demonstrate the
convergence evolution more clearly.

According to the grouting schedule (Fig.6), only the work on Nov. 1 included multi-grouting
procedures at the same ring, hence the resulting reduction of convergence is almost two times of
other treatments. The results of Nov. 3 and Nov. 5 also proved that it was more efficient if the grout

injections came from both sides of the tunnel simultaneously, as better results were also obtained in
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these cases which had the second smallest longitudinal distance of two grouting treatments.

The grouting positions from Oct. 30 to Nov. 6 were higher than the original design. Monitoring
data corresponding to these dates appeared to illustrate a more effective deformational control in
terms of convergence recovery rate, as grouting occurred around the mid-height of the tunnel instead
of at its heel.

The above field data indicates that the grouting position and grouting height are vital for the
determination of the grouting efficiency. The grout volume is also expected to be an important
influencing parameter but this could not be observed from the monitoring results as the grout volume
remained similar in different cases. In the following simulation framework, we shall mainly focus

on the investigation of these key parameters.

3 MPM framework
3.1 General information

Field experiments can provide first-hand information about the grouting effect on the tunnel
convergence control. However, it is not possible to rely on such experiments to cover varying
operation conditions and optimize the design parameters. In this regard, sound numerical simulation
can play an important role. Here we choose the material point method for the numerical simulation
as this method is particularly suitable to solve large deformation cases, making it possible to
replicate the diffusion process of the grouting and incorporate the grouting-induced large
deformational response of the ground in the simulation in a realistic manner.

As discussed in Section 2, the monitoring data suggests that the grouting effect on the deformation
of the tunnel structure can largely be represented by the cross-sectional behavior of the tunnel, with
the longitudinal behavior only being a secondary factor. Therefore, a 2D plane-strain MPM model
is adopted to simulate the grouting treatment studied in Section 2. A total stress analysis is
introduced, as the grouting procedure was conducted in the ground with low permeability, and the
short-term behavior is focused.

The geometry of the model domain is assigned based on the actual conditions, as shown in Fig.9.
The distances between the numerical boundaries to the closest tunnel are made larger than three
times of the tunnel diameter to minimize the boundary effect, as suggested in a previous empirical
simulation (Azta et al., 2018). The bottom side of the model is fully fixed and the horizontal
movements of the left and right sides are restrained as boundary conditions. Considering both the
calculation accuracy and the computational efficiency, the background mesh element is defined as
0.5 m x 0.5 m. Each element consists of 4 particles (2 % 2), which means that the distance between
two adjacent particles is initially 0.25 m. In total 20200 elements and 80000 particles are created at
the initial status.

Two different interaction mechanisms between the grouting and the surrounding soil can be
identified, namely the compensation (or compaction) effect and the fracturing effect (Mair and Hight,

1993), and they are controlled by the injection volume, property of soil, and viscosity of the grout.
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The standard MPM is capable of replicating the compensation effect but not fracturing. Considering
that the main effect that grouting exerts on the soil in the current case is through compensation, the

fracture behavior is neglected here.
3.2 Simulation of grouting

The entire simulation includes three necessary processes: (i) stress field initialization, (ii)
tunneling excavation, and (iii) grouting treatment. The initial stresses are calculated by K, method,
definedas K,=1-sing, where ¢ is the friction angle of the soil. Some stabilized steps are needed
to reach the equilibrium status and get a steady stress field under gravity.

The creation of the twin tunnels is firstly simulated by removing the particles within the tunnel
area according to the geometry of the tunnels, and particles at the position of linings are assigned as
the tunnel lining material to model the tunnel structures, and then followed by stabilization steps as
well.

After the tunneling excavation, the model then introduces the grouting procedure. As the MPM
is a particle-based method, new particles can be added into the system easily at specified positions
and in a continuous manner to mimic the injection of grouting (Fig.9), which carries corresponding
mass, stresses, and velocities. In this way, the grouting process is simulated in a more
straightforward and direct manner. The main principle for the simulation is to maintain the mass
and momentum conservations. Therefore, the total mass of all new grout particles should be equal
to the actual grouting mass in each case, and their initial velocities are also defined according to the
values listed in Table. 1.

As the grouting is implemented from the bottom and moves up with a constant velocity, ten points
are arranged along the grouting zone uniformly in the MPM model as control positions for the
addition of new particles. The grouting is then implemented at these positions one after another
(Fig.9). 5 50 particles are added in each point continuously to keep a uniform grouting work, and
the initial volumes of particles are computed according to the total injection volume and the number
of new particles.

To focus on studying the grouting behavior along the cross-sectional direction, four representative
cases from the experiment, in which the grouting treatment was only implemented in a single ring,
are adopted in the simulation. The corresponding parameters are shown in Table 2.

Table 2 Grouting parameters in MPM model

Grouting parameters

Coordinates
Case Date Height
(Bottom) position / Ring Position ;
m
m
1 10-30 (48.1, 24.6) 7587 B1 52
(35.9,24.6) 7580 A2 52
2 11-01
(48.7,24.6) 7580 B2 52
3 11-07 (35.9,21.9) 7582 A2 4.2
4 11-10 (48.1,21.9) 7584 B1 5.2
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3.3 Material properties

The linings and grout are assigned as simple elastic models(LE), and the grout is considered as
being in an almost incompressible flow state with a low elastic modulus. Each soil layer is assumed
to be isotropic and homogeneous. As the model is based on the total stress and undrained approach,
the soil properties are defined using Tresca model (TR) following the standard method in
geotechnical simulation, with cohesion set equal to the shear strength (s, ) of the corresponding soil
layer. The Poisson’s ratio should be set as 0.5 to represent the undrained condition (Artola, J, 2005).
In the numerical model, a value of 0.45 is actually used to avoid the instability in the numerical
computation, which can be caused by an extremely large bulk modulus when the Poisson’s ratio
gets close to 0.5. The other parameters are defined based on the data from the site investigation as
shown in Table 3.

Table 3 Material parameters of the MPM model

Material parameters

Constitutive Young’s
Type Density Poisson’s ratio
model (kg/nr’) modulus y s, (kPa)
E(kPa)
Tunnel lining LE 2551 20000000 0.3 -
Grout LE 2000 300 0.45 -
Fill TR 1850 3270 0.45 13.0
Silty clay TR 1790 2790 0.45 12.0
Fine sand TR 1920 9830 0.45 34.5

3.4 Numerical results

Fig.10 presents the contours of the horizontal displacement caused by grouting. The
compensation result can be observed with a semi-elliptic influence zone extended from the grouting
zone; although the initial velocities of the grout particles are directed towards the left tunnel side,
the compression effect is almost symmetric in Case-1, Case-3, and Case-4, which means the key
factor that controls the grouting result is the pressure but not velocity. The local excess deformation
in the soil can go up to 50 mm and leads to a 35 mm movement on the tunnel lining.

For Case-1 and Case-4, the main difference in the simulation is the elevation of the grouting
positions. Case-1 has a higher elevation and the grouting is implemented in the soft clay layer, while
the grouting in Case-4 is close to the lower stiffer sand layer, so the deformation is limited. Therefore
the grouting will be more effective if it is carried out in a soft layer, and this is expected as the main
mechanism is through compression and injection, which was also observed from the monitoring
data. Besides, the simulation shows that the grouting volume also affects the result, and more
grouting volume leads to a larger excess deformation. As Case-3 uses the lowest grouting position
and a less grouting volume, the deformation caused by grouting is therefore the smallest.

When the compensation grouting is implemented on both lateral sides of the tunnel (Case-2), it

can be seen that the result is similar to a combination of two one-side grouting operations. The
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compression effect is enhanced and forms a larger influence zone. Besides, the symmetrical grouting
on both sides of the left tunnel ensures a recovery of the convergence deformation of the tunnel
without introducing a global disturbance (shift) of the central position of the tunnel. To investigate
the effect of grouting sequence, a contrast case is also studied here, in which the grouting is carried
out on both lateral sides simultaneously, and the other parameters are the same as the Case-2. Almost
the same effect zone and recovery results are observed in this specific case. This confirms the above
point about the result of the two-side grouting operation in that there is no obvious effect from the
grouting sequence.

It should be noted that, although a grouting-induced large excess deformation is observed in the
soil, the effective reduction of the lining convergence is much less than the total displacement. To
compare the numerical results with the data from the field experiment, the developments of the
displacements during the grouting treatment are plotted versus the current grouting volume in Fig.11.

The reduction in convergence is about 4 ~ 5 mm for the one-sided grouting (Case-1 and Case-4)
and increases to 10 mm for the two-sided case (Case-2). The recovery in the Case-3 is only about 3
~4 mm due to the lower grouting volume and elevation. The numerical results show good agreement
with the field data, and this validates the accuracy of the MPM model.

The diagrams in Fig.11 suggest that there is a critical grouting volume in each of the four cases,
such that the convergence reduction effect will markedly decrease after the grouting volume exceeds
this value. This value is related to the soil properties and other grouting parameters. It is reasonable
that the soil at the other side of the tunnel (opposite to the grouting side) needs to supply enough
resistance to get an effective reduction on the convergence. As the two-sided grouting (Case 2) can
enhance the resistance of both sides, hence it increases the critical grouting volume, resulting in a

greater effect in the reduction of the convergence.
4 Sensitivity analysis

The field data and the numerical results all indicate that the efficiency of the grouting in reducing
tunnel convergence is controlled by several key factors, and from the operational aspect these
include the position, height, and volume of the grouting. Therefore, a detailed sensitivity analysis is
useful to provide further insight into the influence trend of these factors and how optimized options
may be obtained. For this purpose, the MPM model presented in Section 3 is employed to carry out
a parametric study. In each parameter group, one of the original cases listed in Table 2, which has

been validated by the monitoring data, is set as a benchmark for the comparisons.

4.1 Grouting position

The sensitivity analysis on the grouting positions involves two aspects, namely the horizontal
position (A1, A2, B1, and B2 in Fig.5) and the vertical elevation (h1~h4, from 0 m to 2.7 m for the
grouting start point relative to the bottom of lining). The experimental Case-1 is set as the
benchmark to define all other parameters except the grouting position, with a height equal to 5.2 m,

volume equal to 1593 L, and initial stress equal to 1000 kPa. Considering practicality, 16
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comparative cases are defined and divided into two groups for variable horizontal and vertical
directions, respectively. The details of the 16 cases are summarized in Table 4, and the detailed
grouting zone of different cases can be seen in Fig.12. Note that the case numbers start from 5 here
as cases 1~4 have been designated for the experimental cases. Furthermore, the elevations of Case-
5 and Case-9 are the same as the cases in Group-2, so these two cases can also be included as
comparison cases in the examination of horizontal grouting positions.

Table 4 Grouting parameters for sensitivity analysis of grouting positions

With different vertical positions With different horizontal positions
(Group-1) (Group-2)

Case-Num Start position Grouting pipe Case-Num Start position Grouting pipe
5 h1(35.3,21.9) Al 12 (37.0,21.9) A3
6 h2(35.3, 23.9) Al 13 (35.9,21.9) A2
7 h3(35.3,24.6) Al 14 (34.0,21.9) A4
8 h4(35.3,25.9) Al 15 (32.0,21.9) A5
9 h1(48.1,21.9) B1 16 (47.0,21.9) B2
10 h2(48.1,23.9) B1 17 (48.7,21.9) B3
1 h3(48.1, 24.6) Bl 18 (50.0, 21.9) B4
11 h4(48.1,25.9) B1 19 (52.0,21.9) BS

Fig.13a presents the total horizontal displacements of left and right boundaries as well as the total
vertical displacements of top and bottom boundaries for Group-1 (with different vertical grouting
positions). Labels A and B represent grouting taking place on A side (Al) and B side (B1),
respectively, and the 0 m-elevation is at the bottom of the tunnel.

The curves show that the responses to the change of the grouting elevation are almost the same
from two different sides (A1 and B1). An apparent turning point can be identified at 2.7 m, which
is close to the middle elevation of the tunnel profile. When the grouting elevation is lower than this
value, the horizontal displacements of the linings are insensitive to the change of the grouting
elevation. The tunnel tends to move downwards as the elevation increases. An obvious reduction in
the deformation is observed after the start point of the grouting is higher than the middle section of
the ring. Fig.13bError! Reference source not found. shows the recovery of convergence in two
directions of the first group (the "dhc" and "dvc" are the increments of horizontal and vertical
convergence of the left tunnel, respectively, with the negative value representing the reduction). To
illustrate the deformed shape of the tunnel lining more clearly, the distortion degree (a) is added in
Fig.13b, which indicates the position in the circumferential direction of the maximum tunnel
deformation with respect to the horizontal axis, with a positive value representing a clockwise
rotation. The distortion degrees are close to 0 for h2~h3; hence an efficient convergence recovery
can be obtained when the start point of grouting is below 2.7 m, whereas it will get an obvious
rotation when it comes to hl. This adverse rotation caused by the change of the loading direction is
the primary reason for the appearance of the turning point. Similar conclusions can also be seen in

other researches (Lueprasert et al., 2015; Lueprasert et al., 2017). The results here confirm that the
13



start point of grouting should not be higher than the middle of the tunnel to obtain a more efficient
reduction of convergence.

Fig.13c presents the total displacement results for Group-2 with different horizontal grouting
positions. Interestingly, the maximum deformation caused by grouting does not occur when the
grouting position is closest to the tunnel (Case-12 and Case-16), but it occurs in correspondence
with the original design (Case-5 and Case-17). A specific thickness of soil should remain between
the lining and the grouting position to facilitate a more uniform transfer of the grouting pressure to
the lining rings. Fig.13Error! Reference source not found.d also suggests the same critical

distance for an efficient grouting treatment.
4.2 Grouting height

In Section 3, we have investigated the responses for two different heights of grouting zone,
namely 5.2 m and 4.2 m. Here we add two further heights to provide a more complete picture of the
effect of the grouting height, as listed in Table 5. The Case-3 from the experiment is set as the
benchmark in this section and used to define other grouting parameters except for the height.

Table 5 Grouting parameters for sensitivity analysis of grout height

Grouting Grouting
Case-Num height Grouting pipe Case-Num height Grouting pipe
/m /m
20 32 A2 23 32 Bl
3 42 A2 24 42 Bl
21 52 A2 25 52 Bl
22 6.2 A2 26 6.2 Bl

As the total volume is kept constant, the grouting volume per unit height decreases as the total
height increases, and the grouting effect is expected to weaken due to an increasing size of the
influence zone. Fig.14 shows the total displacement and recovery of convergence results. There
appears to be a critical value for the grouting height in terms of the effect on the reduction of the
convergence, and in the cases considered here the critical height is about 4.2 m, and with this height,
the grouting zone is all located within the range of the tunnel height. When the grouting height is
lower than 4.2m, an increase in the grouting height results in a more sensitive reduction of the

convergence.
4.3 Grouting volume

The total grouting volume is one of the most important parameters and can be controlled easily
in the operation to obtain the desired effect. Case-4 from the experiment is chosen as the benchmark
in the parametric study on the effect of the grouting volume as it has the originally designed grouting

elevation and height, and the details are presented in Table.6
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Table.6 Grouting parameters of analysis on grouting positions

c Initial particle’s volume Initial volume
ase-
Grouting pipe Case-Num Grouting pipe

Num /7, () o /7, (m) S

27 0.10 A2 31 0.10 Bl

28 0.15 A2 4 0.1441 Bl

29 0.20 A2 32 0.20 Bl

30 0.25 A2 33 0.25 Bl

Fig.15 shows the results from variable grouting volume conditions. It can be observed that
increasing grout volume leads to an increased reduction of the deformation, in terms of both the
total displacements and the convergence, and the trend is approximately linear. There is a limit to

the effectiveness by injecting more grout, and in the cases analyzed limiting volume is about 0.2 m®.

5 Conclusions

The effect of grouting treatment in the recovery of excessive convergence of a metro shield tunnel
located in soft ground area is studied using data from the field grouting experiment and numerical
simulation with the MPM technique. The monitoring data of the convergence deformation of the
tunnel linings provided detailed information allowing an analysis of the grouting effect under
different situations with varying grout positions, grout volumes, and heights. On the other hand, a
numerical modeling framework based on MPM is established. The numerical model is capable of
replicating the grouting process in the soil explicitly, and thus enabling detailed examination into
the convergence reduction effects of the grouting operation and the key influencing parameters.

The numerical model based on MPM is validated by comparison with the monitoring results. The
results indicate that increasing the grouting height and volume within a limited range can improve
its effect on the recovery of the tunnel's convergence, and the relative position of the grouting to the
tunnel also influence the grouting efficiency. The numerical work gives the possibility of optimizing

the design demonstrated by a sensitivity analysis.
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Fig.11 Recovery of convergence by grouting in the MPM model: (a)Case-1, (b)Case-2,
(c)Case-3, (d)Case-4
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Fig.12 Grouting zone of different cases
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Fig.13 Displacements with different grouting positions: (a)Total displacement with

different vertical position, (b)Recovery of convergence with different vertical position,

(c)Total displacement with different horizontal position, (d)Recovery of convergence with

different horizontal position
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Fig.14 Displacements with different grouting heights: (a)Total displacement,

(b)Recovery of convergence
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(b)Recovery of convergence
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