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20 Abstract:

21 Shield tunnel structures are commonly found to be over-deformed in Eastern China soft ground due to
22 adjacent engineering activities. Grouting treatment could serve as a viable solution to reduce the
23 excessive diametrical expansion of tunnel linings actively. However, understanding the grouting-
24 induced effects on adjacent tunnel structures remains preliminary due to the scarcity of well-
25 documented case histories. In this study, a field experiment was conducted to explore a shield metro
26 tunnel’s real performance during grouting treatments. An extensive monitoring scheme was deployed
27 while varied geometrical grouting arrangements were carried out. The tests provided a comprehensive
28 database of the tunnel responses in multiple temporal resolution levels, both during the entire course of
29 the grouting treatment and within single grouting operations. Investigations are carried out over the
30 influencing factors of the grouting efficiency. The experimental observations suggest that grouting
31 efficiency tends to evolve with time and can be affected by various geometrical grouting parameters.
32 Observations are also presented and discussed in detail for the influence of grouting history on the

33 convergence distribution and the tunnel’s performance after the termination of all grouting operations.
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Time-variant behaviors of the tunnel are depicted in detail, such as the convergence recovery and
rebound during the grouting process. Overall, this case study brings new insights into understanding
the grouting-induced tunnel lining response. It can also serve as a benchmark for further theoretical and

numerical studies.

Author keywords: Field experiment; Shield tunnel structure; Real performance; Grouting treatment;

Deformation mitigation

Introduction

Recent years have seen a massive development of metro networks in major cities worldwide as an
efficient way to enhance urban transit capabilities and alleviate the stress of traffic congestions (Shen,
et al., 2014). It also helps promote further development of the urban area, bringing more buildings to be
constructed along the metro corridors. As a result, more engineering operations tend to occur adjacent
to the metro tunnels. Segmental shield tunnel established in soft grounds can be especially problematic
and is frequently observed to suffer from excessive deformation due to the weak strength of soil or
environmental changes (Shen, et al., 2014).

Due to the adjacent engineering activities, such as deep excavations (Chang, et al., 2001, Chen, et al.,
2016, Cheng, et al., 2018, Huang, et al., 2013, Li, et al., 2017, Liu, et al., 2016, Tan, et al., 2015),
tunneling (Cooper, et al., 2002, Mohamad, et al., 2012), or extreme surcharges (Huang and Zhang,
2016, Huang, et al., 2017), the current tunnel structures can be further distorted, which can adversely
impact the integrity of the structures. For example, because of the excavation of the Shell Center
project, the Bakerloo metro line beneath the excavation experienced a heave motion by 50 mm in a 27-
year time period (Burford, 1988). In Taipei, a portion of the shield tunnel in the Panchiao Line was
over-deformed and damaged because of nearby excavation. Cracks were found in the reinforced
concrete segments, and the concrete slab on the tunnel invert was displaced (Chang, et al., 2001). Due
to the influence of the adjacent excavation, a tunnel section in Ningbo Metro Line 1 reached a
horizontal displacement of 33.5 mm, with cracks and leakages appearing in the left-line tunnel (Chen,
et al., 2016). In Zhengzhou, a similar case was reported concerning the impact of excavations on the

existing tunnel, and the cumulative uplift and lateral displacement of the tunnel was measured to reach
2
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22.9 mm and 77.9 mm, respectively, as the excavations progressed to their final depth (Cheng, et al.,
2018). In London, the construction of three station tunnels at the Heathrow Express Central Terminal
was reported to create an additional settlement, distortion, and rotation movement to the Piccadilly
Line tunnel. Subsequently, compensation grouting was undertaken to achieve settlement mitigation
(Cooper, et al., 2002). Similarly, an operating shield metro tunnel in Shanghai, China, was reported to
be heavily disrupted by an unexpected extreme surcharge (Huang and Zhang, 2016, Huang, et al.,
2017).

Among the potential impacts from the adjacent engineering activities, the large circumferential
deformation of the tunnel is the one that arouses the gravest safety concern. For the circumferential
deformation, the increase in the tunnel’s horizontal diameter (horizontal convergence, AD, as
illustrated in Fig.3), is usually adopted as the key performance indicator (Liu, et al., 2016, Mair, 2008,
Pinto and Whittle, 2014). In some soft ground cases, the tunnel convergence was reported to nearly
reach the level of the ultimate bearing capacity of the segmental linings (Liu, et al., 2016). Excessive
tunnel convergence can result in structural issues such as spalling, cracking, leakages, and segment
dislocation (Huang, et al., 2013, Shi and Li, 2015). Therefore, effective mitigation measures are
imperative to maintain the safety and sustainability of tunnel structures (Han, et al., 2020).

In recent years, various methods to tackle these problems have been developed in engineering
practice. Reinforcement measures using aramid fiber-reinforced polymer (AFRP) reinforcement
(Huang and Zhang, 2016, Huang, et al., 2017) and bonded steel plates are the most commonly used
methods from the structural strengthening point of view (Ai, et al., 2017, Chang, et al., 2001, Kiriyama,
et al., 2005, Zhao, et al.,, 2016). However, these passive control measures cannot alleviate the
deformation that already occurred. Besides, the work can only be carried out in the mid-night hours if
significant disruption to the metro service is to be avoided, leading to reduced construction efficiency.

Differing from the passive reinforcement-type deformational control approaches, treatment methods
based on grouting introduce control mechanisms to actively restore the excessively deformed lining
rings to an acceptable level. Traditionally, compensation grouting has been used worldwide for
deformational control of geo-structures and the ground (Farrell, 2015, Komiya, et al., 2001, Lee, 2002).
However, the grouting operations may generate substantial disturbance to the surrounding soil,

especially when the ground consists of sensitive soft deposits.
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A grouting-based technique has recently been developed to achieve minimal disturbance to the
surrounding soil (Zhang, et al., 2018). The technique adopts a dual-fluid system with the use of
associated innovative grouting equipment. Fast-setting grout is injected into the soil during the grouting
treatment, creating a soil-concrete mixture with improved ground resistance to the deformational
movements of tunnel linings (Zhi-jun, 2011). In the meantime, the treatment also creates counter-
pressure against the imbalanced pressure induced by neighboring engineering operations. Successful
implementations of this technique have been reported from a number of grouting projects, especially in
soft soil areas in Eastern China (Huang and Zhang, 2016, Jin, et al., 2018, Li and Chen, 2012, Li and
Yuan, 2016, Zhang, et al., 2018, Zhou, et al., 2018, Zhu, et al., 2019). The grouting technique proved to
be effective in the mitigation of excessive deformation for tunnels, both longitudinally and
circumferentially. For instance, for the longitudinal deformational control, a reduction in the settlement
rate and uplifting of the tunnel back to a safe state were achieved in Shanghai-based projects (Zhang, et
al., 2018). Elsewhere, the technique was used to achieve active control for the excessive horizontal
displacement of the tunnel due to nearby excavations (Zheng, et al., 2020). Similarly, the technique
was applied to rehabilitate a circumferentially over-deformed tunnel due to extreme surcharges, and on
average, 25% of the original large convergence reduction was attained (Zhang, et al., 2019). Although
these reported case histories illustrate the effectiveness of the grouting technique, they tend to focus on
the total effects of the deformational control rather than detailed observation of the temporal and spatial
evolution of the tunnel structural response. From this point of view, further investigation is still needed
to provide insights into the real performance of tunnels under the effects of grouting.

This paper describes a full-scale field experiment of grouting treatment based in Eastern China soft
ground. The experiment provides detailed observations from varied grouting arrangements, which were
designed in an attempt to reduce existing tunnel convergence. A systematic investigation is conducted
into various effects of grouting operations and their influencing factors, such as the time-variant
response of tunnel linings, effects of grouting history, influencing factors of grouting efficiency, and
characteristics of the tunnel lining rebounding after grouting. The study provides new insights into the
understanding of the grouting-induced tunnel lining responses, and it also provides benchmark cases

for further theoretical and numerical studies.
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Large Metro Tunnel Deformation Due to Nearby Excavations: A Case in Eastern
China Soft Ground

Engineering Background

This section will discuss a case where a section of the shield metro tunnel was seriously disturbed by
large deep excavations nearby. The disrupted part of the tunnel is located in the soft soil area in a
recently re-developed city area in Nanjing, China. Excavations caused excessive cross-sectional
deformation of the tunnel, and consequently, active mitigating methods were adopted, and in particular,
a grouting technique was employed to retrofit the tunnel lining structures.

The twin tunnels under consideration were placed into operation in the year 2010. After two years of
service, massive excavations took place in the close vicinity of the tunnels on both sides as part of the
construction for the substructure of ten high-rise towers (office buildings of 120 m to 200 m in height)
in the city’s financial center. The entire excavation site was split into four major zones, where Zone |
and Zone I1II, being the ones adjacent to the tunnels, were recognized to be the primary reason for the
over-deformation of the tunnels. Therefore, this paper will focus the attention on these two zones.

The geology of this area is distinguished by a typical layer-structured soft deposit of the Yangtze
river delta. The stratum comprises primarily of the made-ground, muddy silty clay, and fine sand. A
thick layer of muddy silty clay comprises a significant proportion of the upper stratum, which is high in
water content (around 40 %), low in strength (the undrained shear strength commonly below 35kPa)
and permeability (in the order of 10%-10° mm/s), and high in compressibility (the compression
coefficient oy 1o ranges between 0.6 and 0.8 MPa™!). These characteristic values are comparable with
that of the soft deposits in Shanghai (Zhang, et al., 2018), and thus the soil shares similar engineering
properties. Engineering experience suggests that these soils tend to decrease significantly in strength
once disturbed, resulting in prolonged deformational behaviors (Tan and Li, 2011, Tan and Wei, 2012,
Yin and Chang, 2009). Under the muddy silty clay, the fine sand constitutes another major thick layer
with much higher permeability (in the order of 10> mm/s). Beneath the fine sand layer, layers of coarse
sand and weathered mudstone find their places. Fig. 1 demonstrates the spatial relationship between the
two tunnels and Zone I and Zone III of the excavation. Fig. 1(b) presents the representative geological
profile at the construction site corresponding to the cross-section of A-A, which is derived from the

borehole results. At the grouting test region, the soil layer thicknesses of the made-ground and the
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muddy silty clay were estimated to be around 4.7 to 5.7 m, and 24 to 26 m, respectively. Detailed soil
parameters are summarized in Table 1.

Fig. 2 displays the design of the segmental tunnel lining. The lining ring is staggered-assembled by
six pre-fabricated RC segments, measured 6.2 m in outer diameter, 1.2 m in width, and 0.35 m in
thickness. The neighboring pieces are jointed using 400 MPa curved steel bolts both in the longitudinal
and circumferential directions.

(Table 1)
(Fig.1)

(Fig.2)

Adjacent Excavations and Rehabilitation of the Over-deformed Tunnel

The excavation activities of Zone I were started in February 2012 and completed in July 2013,
marked by the bottom concrete slab casting. In November 2013, the construction of the entire
substructure of Zone I came to an end. Shortly after completing the bottom slab casting in Zone I,
excavation in Zone III continued to proceed from July 2013. By October 2013, the impact of the
excavations became identifiably evident from the pronounced cross-sectional response of the tunnel in
terms of considerable convergence.

The deep excavations strongly influenced approximately 300 rings (ring 460 to 760) in the left-line
tunnel, with a horizontal convergence ratio (AD/D) greater than 0.5 percent, where D is the initial outer
diameter of the tunnel (Fig.3). As illustrated in Fig. 4 (a), the tunnel sections under the most severe
impact, namely ring 508 to 666 corresponding to Zone I, exhibited a AD/D ratio ranging from 1.02
percent to 1.40 percent, well above the relevant design regulations of 0.3 to 0.5 percent as the
serviceability limit for a shield tunnel under normal operating condition (Committee, 2007, GB50157,
2013, Society, 2004).

To maintain the metro line’s operational safety, the metro company determined to tackle this
problem by adopting grouting procedures at both sides of the over-deformed tunnel to correct the
tunnel deformation back to an acceptable level and increase ground resistance. However, the
engineering knowledge was quite restricted at that time regarding the grouting treatment’s achievable

effect in reducing the excessive tunnel deformation and the refinement of grouting parameters for the
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region’s particular geological condition. Moreover, understanding the tunnel’s detailed spatial and
temporal response under the grouting impact was of particular interest, which was rarely reported in the
existing literature. In view of these, a field grouting test on a particular section of the left-line tunnel
(ring 580 to 588) was performed before the full-scale implementation of the technique.

The experiment was performed between Oct 30, 2013, and Nov 10, 2013. It should be mentioned
that as the grouting tests were performed, excavation in Zone I had already been completed, and
excavation in Zone III was constructed at its third level. Due to the long distance between the
excavation pit to the testing tunnel, the excavation-induced effect on the tunnel was anticipated to be
negligible in the short term. Therefore, the grouting effects were considered the governing factor of the

tunnel’s deformational response.

Grouting Experiment

Grouting Procedures

Fig. 3 illustrates the composition of the grouting system. The general idea was to extend grouting
conductors from the ground surface to the designated grouting position in the vicinity of the tunnel to
achieve grout injection. Before the grouting procedures, the tunnel’s exact position was measured in
terms of its burial depth and the exterior surface (extrados) coordinates. Afterward, holes were drilled
from the ground to the bottom level of the tunnel lining extrados (hereafter referred to as the tunnel
invert). Casing pipes of similar diameter with the drilled holes were subsequently placed in position
inside the holes to prevent soil cave-in and facilitate an easier installation of grouting pipes. After this,
a grouting pipe was pushed within the casing pipe to the depth where the lower end of the grouting pipe
reached the tunnel’s invert elevation. The key components of the grouting system were then assembled
to form an effective grouting injection system, which comprises of grouting pumps, flow meter,
grouting mixer, and grouting pipes. After successfully installing the grouting injection system,
preparation of the cement slurry and sodium silicate was conducted. The grouting operation was carried
out utilizing two pumps simultaneously, each responsible for injecting cement (ordinary Portland
cement 42.5) and sodium silicate (baume degree (°Be’) 35). Initial setting time of the grout slurry
affects both the grouting effect and the grouting operability. By changing the mixture ratio of the

sodium silicate and Portland cement, the initial setting time of the grouting slurry can be flexibly
7
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adjusted. Mixture ratios rendering optimum initial setting time were obtained via a series of laboratory
testing, so that plugging of the injection pipe can be avoided and an intended diffusion radius of grout
in soil can be reached. The water-cement ratio for the cement slurry was 0.6 to 0.7, and the volume
ratio of about (2 to 3):1 was adopted when mixing the cement slurry and sodium silicate. These
formulas generated grout slurry with an initial setting time around 10 minutes. Grouting pressure for
the site was set around 0.5 MPa, which was constantly monitored by a grouting pressure gauge, and
carefully controlled by experienced technicians to avoid pressure anomalies. The grouting flow rate
was controlled between 14 to 16 L/min for the cement slurry, and 5 to 10 L/min for the sodium silicate,
resulting in a 20 L/min total flow rate. The liquid flow rate was monitored in real-time by a flow meter.

The grouting procedure was established to achieve reduced disruption to the surrounding ground.
During the grout injection, the grouting pipe was raised upwards steadily and slowly at a consistent
pace by a pipe-lifting system. As such, the uniformity of grout spreading with respect to depth was
ensured. At the beginning of the pipe-lifting process, the grouting nozzles at the end of the grouting
pipe were automatically exposed to release grout when the front-end hat covering those nozzles was
removed (see Fig. 3). The grouting pipe experienced continued lifting until the lower end of the casing
pipe. It was kept still for around ten minutes so that the grouting material could experience initial
setting. After the setting period, the grouting pipe was raised from the ground by the pipe lifting system
to conclude the grouting procedure for one hole.

(Fig.3)

Grouting Testing Arrangements

The grout was injected in a double-row array scheme. The specific dimensions of array positions,
named Al, A2, Bl, and B2, for installing grouting pipes are illustrated in Fig. 7. The rows were
symmetrically positioned with respect to the longitudinal centerline of the left line tunnel, with A2 and
B1 positioned nearer to the tunnel.

The grouting zone positions relative to the ground surface can be represented by two individual
positioning parameters: the grouting elevation (GE) and the grouting height (GH), as demonstrated in
Fig. 7. In this field experiment, various positioning parameters were adopted for different grouting

operations to obtain a diverse range of testing cases to observe position-related sensitive effects.
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Fig. 7 summarizes the details of the grouting schedules and the corresponding positioning
parameters from Oct 30, 2013, to Nov 10, 2013, for tunnel ring 580 to 599. Circles of three distinct
colors represent the grouting position to the left line tunnel and the grouting status.

For convenience and simplicity, in this paper, we will name the i grouting operation in the
experiment as stage Gi, and the grouting-free period before the next grouting injection as Ri, instead of
referring them by their time of occurrences. We also define the starting time of G1 as time 0, which
corresponded to the midnight of Oct 30, 2013 (Fig. 5(a) and Fig.7). In Fig. 7, circles in pink represent
inner grout injections at A2 and B1, blue represents outer injections at Al and B2, and grey circles
represent the existing grout injections where consolidation has occurred. Total grouting volumes in
liters are also listed for new grout injections of the current grouting operation.

As for the grouting arrangement, the grouting elevations from G1 to G7 (Oct 30 to Nov 6) were 2.7
m higher than the tunnel invert elevation, and the corresponding grouting heights were 5.2 m.
However, starting from G8 (Nov 7), the grouting elevation was lowered to match the tunnel invert
elevation. Besides, the grouting height was set to 4.2 m in G8 (Nov 7), creating a case with a shorter

grouting zone.

Monitoring Scheme

An automatic monitoring scheme was adopted to obtain comprehensive information on the tunnel
lining response during the grouting operations. The system comprises a combination of robotic total
stations (Type Leica TM30) and reflection prisms, which were mounted to the tunnel lining inner
surface at its spring line level (Fig. 2(b)). These monitoring systems can be used to measure the
tunnel’s deformational response in both longitudinal and circumferential directions. In this study, the
system was mainly used to obtain horizontal convergence of the tunnel for the rings under testing. The
accuracy of the aforementioned monitoring system was estimated to be around + 0.5 mm, based on the
calibration tests from similar projects in Nanjing.

The monitoring system allowed the interrogation of the tunnel convergence response in a timely
fashion at intended time intervals. During the grouting operations, the time intervals of data acquisition
were set to be 5 or 10 minutes, based on the convergence changing rate in the field observation. This

time intervals were selected empirically to capture sufficiently detailed tunnel deformational responses
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during the grouting operations and form coherent deformation curves. During the experiment, real-time
monitoring data of the tunnel convergence were obtained and forwarded to the grouting team on the
ground surface to facilitate their grouting control judgments. Meanwhile, structural damage in the
forms of spalling, cracking, or leakages were also under close inspection by inspectors inside the tunnel
during the grouting operations. During the grouting process, alerts were delivered to the grouting team
if the convergence reaction surpassed 1.0 mm or minor structural damage was observed during the
grouting process. In contrast, the immediate termination of the grouting injection was demanded if a

change in convergence exceeded 5.0 mm, or significant structural damage was detected.

Monitoring Results

Overall Deformational Response

The robotic total station began to monitor the convergence evolution of the tunnel on Oct 30, 2013,
for the grouting-impacted lining rings (581 to 589). Data were obtained during the grouting-treatment
period (Oct 30, 2013, to Nov 10, 2013) and several days after these grouting operations (between Nov
11, 2013, to Dec 7, 2013). The overall change in convergence, relative to the start of the experiment, is
shown in Fig. 4(b). It should be mentioned that the convergence time histories presented in Fig. 4(b)
are, in fact, the net convergence variation that accumulated between different grouting operations,
where the dynamics within a single grouting operation are ignored. It is noticeable that the evolution of
the convergence from different rings shares a typical pattern consisting of a recovery stage during the
grouting process and a rebound stage following the completion of the grouting treatment. The grouting
injections tended to cause the soil’s expansion movement around the grouting nozzles during the
grouting operations, thus introducing thrust pressure onto the nearby tunnel linings, pushing the rings
to retract to a smaller convergence. However, after completing the grouting process, dissipation of
positive excess pore pressure and solidification of grout inevitably follows (Soga, et al., 2004).
Therefore, the recovered deformation cannot be 100% maintained, and a certain amount of
convergence rebound took place.

The convergence recovery and rebound values of all the rings directly under the grouting impact
during the entire field experiment are illustrated in Fig. 4(d), where the maximum, minimum, and mean

values for each item are also highlighted. Effects of grouting were proved to be remarkable and useful.
10
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Specifically, the average recovered convergence of the rings under testing right after the last grouting
operation was reduced by 19.1 mm, about 25% of their average absolute convergence measured before
the grouting treatment. Following the completion of the grouting treatment, the rebounding
phenomenon led to an increment of the average convergence by 6.5 mm during 20 days. Thus a 12.6
mm average net convergence recovery was measured for the tunnel rings under testing at the
termination of the experiment. The convergence rebound may be subjected to the influence of various
aspects such as soil permeability and grout properties. An in-depth study of these aspects is beyond the
scope of this paper. However, it is worth noting that the ratios of the total rebound values over the
recovery values for rings under testing fall into a relatively narrow range, with an average value of
34.3%, as shown in Fig. 4(d). This means, on average, about 65% of the recovered convergence was
retained at the completion of the experiment. This observation suggests that the convergence rebound
may be estimated in proportion to the convergence recovery response in the engineering practice.

Fig. 4(c) depicts the spatial distribution of the cumulative grout volume injected and the
corresponding total convergence recovery response observed at the termination of the selected grouting
operations, showing that as more grout was injected and accumulated in the ground, the convergence
recovery increased accordingly. It is noticeable that the cumulative grout volume distribution among
different rings was substantially uneven for all selected cases. For example, after G11, for the majority
of the testing rings, the grout injected was around 3000 liters. However, this amount was doubled for
rings 583 and 587. Interestingly, the doubled grouting volume at ring 587 did not seem to result in a
greater recovery response as one would normally anticipate. However, a large amount of grout at ring
583 appeared to facilitate the recovery peak formation at ring 584. Similar effects can also be observed
for G5 and G7. These observations tend to suggest a less direct correlation between the grouting
volume of individual rings and their convergence recovery values. However, the convergence recovery
tends to be larger in the grouting zone center (rings 581 to 585) and much smaller around its rim (rings
586 to 589), even if a more considerable amount of grout was injected (for example, in the case of ring
587). Therefore, tunnel convergence response resembled the deflection curve of a beam under
distributed pressure, where the most prominent displacement would usually occur around its middle
portion, and the details of fluctuations in the pressure distribution would become less critical.

(Fig.4)

11
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Evolution of the Tunnel Lining Response During the Grouting Treatment

While the overall behavior of the tunnel linings during the grouting-treatment stage tends to
experience net convergence recovery, as introduced in the previous section, detailed monitoring
records with shorter time intervals reveal a dynamical evolution of the convergence accumulating
process during the grouting operations.

Fig. 5 demonstrates how the grouting-induced convergence recovery accumulates in time for all
rings under testing during the grouting-treatment stage. Fig. 5(b) depicts the evolutional histories of the
relative convergence. The values shown are relative convergence comparing to the start of the grouting
treatment. It is noticeable that those convergence time histories are featured in similar configurations,
taking an upwards zig-zag recovery profiles. The evolutional history cur