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Abstract

This study investigated the potential use of microbially induced calcite precipitation (MICP) to prevent seepage in shield tunnels with
the aim of decarbonizing tunnel engineering. An apparatus was developed to conduct scale model tests to evaluate the effectiveness of
using MICP for shield tunnel seepage control. To understand the MICP process and its induced change in seepage flow rate, a series of 1-
g physical model tests were conducted using the designed apparatus to investigate the effect of injection methods, grouting pressure, and
calcium carbonate (CaCO3) content produced as well as its distribution on the reduction of seepage flow rate for thephysical tunnel
model with different backfills behind its linings. The variation law of the pore pressure near grouting hole of the tunnel segment was
also revealed. Results indicated that when the amount of CaCO3 precipitation in sand-grout mixtures was 10.53% and 10.12%, water
seepage flow rate for thephysical tunnel modelwith Fujian- and coarse-sand-grout backfill respectively reduced by 94.3% and 73.8%
of their respective initial values, and S-wave velocity increased by 89.6% and 84.9% for Fujian- and coarse-sand-grout mixture, respec-
tively. The grouting pressure needed to be controlled within a certain range to prevent the unstable CaCO3 precipitates from being
washed away. The testing results also showed that the one-phase injection method was more effective in controlling seepage water into
a shield tunnel. Based on the findings of the scale model tests, some vital considerations and suggestions were presented on the use of
MICP approaches for shield tunnel seepage control.
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1 Introduction

Shield tunnels are usually built as transit infrastructures
in urban areas, and the most notable feature of them is that
there exists a large number of seams and segmental joints
between segments (Zhang et al., 2021; Ding et al., 2022).
The total length of lining seams of a 1 km-long single-
round shield tunnel is about 20 times the length of the tun-
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nel itself, which increases risks of water seepage for a tun-
nel. Moreover, aged shield tunnels have commonly suffered
seepage problems due to the poor construction technology,
soil spatial variability, and/or environmental disturbances
such as adjacent constructions around a tunnel, which
threaten public service (Zhu et al., 2022; Wang, 2021;
Huang et al., 2024; Wang et al., 2024; Zhang et al.,
2024). The tunnel seepage causes pore pressure of soils
around a tunnel to continuously decrease and soil effective
stress to gradually increase, which in turn results in differ-
ential settlement of the soil and the tunnel. The differential
tunnel settlement can cause cracking and opening of lining
seam and weaken the property of water resistance of elastic
gaskets between segments, resulting in water leaking
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through lining seam (Shen et al., 2023; Gong et al., 2024;
Zhao et al., 2024). In summary, seepage will aggravate dif-
ferential settlement of a tunnel, and differential settlement
will aggravate the degree of tunnel seepage. If the tunnel
seepage is not controlled, the water seepage and tunnel dif-
ferential settlement will form a vicious circle, which endan-
gers the structure and operational safety of metro shield
tunnels.

Leakage problems have ranked first among other struc-
tural problems faced by shield tunnels in Shanghai, China
(Wang et al., 2011), and fortunately, water leakage can
now be quickly detected using machine vision methods
(Zhao et al., 2020, 2021). The detected tunnel leakage, espe-
cially the leakage for a tunnel constructed in sandy silt
ground, should be treated timely in order to avoid potential
accidents to shield tunnels. In the case of slight leakage,
such as drip or leakage at the seam of a single-ring seg-
ment, elastic epoxy or polyurethane can be injected into
the lining seam to plug the leakage. For leaking positions
requiring structural reinforcement at irregular cracks of
the ballast bed, rigid epoxy grout is commonly used for
leakage plugging and structural reinforcement (Wang
et al., 2011). However, conventional epoxy resins have
poor hydrophilicity and may not solidify well when
exposed to water. Their high viscosity, poor fluidity, low
injectability, and high costs limit their practical application
in the field. In the case of serious leakage, such as line leak-
age or continuous leakage at the seam of multi-ring seg-
ments, polyurethane or polyacrylamide grout is
commonly used to treat leakage problems in Shanghai
(Wang et al., 2011; Zhang et al., 2019). Polyurethane are
commonly injected into soils behind a tunnel through the
grouting hole on segmented linings, as displayed in Fig. 1
(a). The injected polyurethane reacts with water in soils
to form the foam to block leaky seam of tunnel linings,
as a result the leakage at the seam is controlled (Wang
et al., 2011; Wang et al., 2023). However, the shear strength
and elasticity of the formed polyurethane foam is low and
poor, respectively. Affected by soft soil, vibration of travel-
ing vehicles, and easy aging characteristics of the formed
polyurethane foam itself, the polyurethane foam is prone
Fig. 1. Treatment of water leakage in shield tunnel. (a) Injection
polyurethane into the soil behind the tunnel lining through grouting hole,
and (b) polyurethane foam at grouting hole of tunnel segment.
to failure. In the soft ground, the tunnel will undergo
long-term differential settlement, which may cause the fail-
ure of the polyurethane foam. The vibration of traveling
vehicles will cause that the tunnel undergoes slight expan-
sion and contraction movements, which leads to the failure
of the sealing performance of the polyurethane foam
(Wang et al., 2011). Therefore, the re-leakage easily occurs
at the treated leaky seam. The exposed polyurethane foam
at grouting hole (Fig. 1(b)) is flammable thus bringing
potential fire risks. Therefore, it is necessary to find new
approaches to treat leakage for shield tunnels.

One promising method to treat tunnel seepage is to
apply the microbially induced calcite precipitation (MICP)
approach that can decarbonize the productivity of under-
ground construction. MICP-based methods have been used
for settlement reduction (Martinez & DeJong, 2009), seep-
age control (Gao et al., 2019), internal erosion control (He
et al., 2021; Cheng et al., 2021; Jiang & Soga, 2017), and
foundation strengthening (Ivanov & Chu, 2008). The prin-
ciple of MICP is shown in Eqs. (1) and (2).

COðNH2Þ2 þ 2H2O ! 2NHþ
4 þ CO2�

3 PH "; ð1Þ
Ca2þ þ CO2�

3 ! CaCO3PH # : ð2Þ
The bacteria hydrolyze urea to increase the pH of the

solution and to produce carbonate ions (Eq. (1)), which
in turn makes the calcium carbonate (CaCO3) precipitated
inside the soil pore space in the presence of a calcium
source (Eq. (2)). The formation of calcium carbonate inside
soil pore space decreases the pore space and restricts water
flow (DeJong et al., 2010; Yang et al., 2019;
Treebupachatsakul & Kamchoom, 2021). Furthermore,
the precipitated calcium carbonate reduces the void ratio
and thus the compressibility of sand. In addition, the pre-
cipitated CaCO3 crystals bind sand particles together at
their contacts to improve the shear strength of sand
(Wang et al., 2022; Cui et al., 2021, 2017; Ma et al.,
2021; Chu et al., 2012). Therefore, it can be seen that
MICP-based approaches are promising to control the leak-
age of tunnels in sand because of filling of sand pores by
CaCO3 and prevent the re-leakage at the treated leaky posi-
tion because of the strengthening effect of CaCO3.

Most of the previous studies on MICP treated sand were
carried out for small diameter sand columns (Cardoso
et al., 2020; Jiang et al., 2017; Al Qabany & Soga, 2013),
in which the bacterial and cementation solution can flow
through the whole cross-section to allow the entire sand
specimen to be treated. This is certainly not the case when
treating the soil around a tunnel. If a pressure needs to be
applied to inject cementation solution and bacterial into
the sand behind a tunnel via the grouting hole on tunnel
linings, there is a flow range for the solution because of
the change of grouting pressure in the flow process. This
flow process of the solution is also affected by the gravity
that can result in ununiform solution distribution. Under
the influence of grouting pressure and gravity, it is neces-
sary to investigate the feasibility of one-phase MICP injec-



Fig. 2. Particle size distribution curves for Fujian sand and coarse sand.
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tion method (Cheng et al., 2019) and two-phase MICP
injection method (Whiffin et al., 2007; Cheng & Cord-
Ruwisch, 2012) for tunnel seepage control. Therefore, to
use MICP for shield tunnel seepage control, thereduction
effect of seepage flow rate and the increase of soil strength
using this method under the influence of grouting pressure
and MICP injection strategies should be investigated.
Hence, this study conducts small-scale model tests to inves-
tigate whether MICP can be an alternative approach for
shield tunnel seepage control.

In this study, an apparatus was firstly developed to carry
out small-scale model tests to evaluate the effectiveness of
using the MICP-based methods for tunnel seepage control.
The rest of this paper is organized as follows. In Section 2,
the testing materials are introduced and the processes
about how to build the testing apparatus and model the
tunnel are detailed. In Section 3, some interesting phenom-
ena observed during the MICP-treated process are
explained using the shot photos. The influence of injection
methods, grouting pressure, and CaCO3 content produced
as well as its distribution on the reduction of seepage flow
rate under different backfills behind tunnel linings is anal-
ysed in detail. In addition, some conclusions are summa-
rized by analyzing the variation of pore pressure during
grouting and the effect of CaCO3 content on wave velocity.
In Section 4, some vital considerations and suggestions on
the use of MICP approaches for shield tunnel seepage are
given on the basis of the scale model test results. In Sec-
tion 5, the concluding remarks are drawn from the afore-
mentioned analysis.

2 Experimental program and procedure

2.1 Testing materials

2.1.1 Types of sand

Two types of sand are used as backfill behind a tunnel in
this study. One type of sand is Fujian sand following China
ISO standard (National Cement Standardization Technical
Committee, 2008), the other type of sand is coarse silica
sand (hereinafter referred to as ‘‘coarse sand”). The particle
size distribution of these two types of sand is presented in
Fig. 2. The minimum and maximum dry densities measured
in accordance with American Society for Testing and
Materials (ASTM) standards D4254 (ASTM, 2016b) and
D4253 (ASTM, 2016a) were respectively 1.66 and 1.92 g/
cm3 for Fujian sand, and 1.65 and 1.72 g/cm3 for coarse
sand. The properties of the used sands are displayed in
Table 1.

2.1.2 Bacteria and cementation solutions

Sporosarcina pasteurii is applied due to its well-defined
urease-synthesis behavior and high ureolytic activity in this
research. This bacterium strain was cultivated in the
Ammonium-YE medium (15 g/L ammonium chloride,
20 g/L yeast extract, and 0.1 mmol/L NiCl2 at pH 9.0)
under a sterile aerobic batch condition (Lai et al., 2021).
The bacterium strain was harvested after shaking on an
orbital shaker at rate of 200 r/min for 48 h at 28 ℃ and
stored at 4 ℃. The urease activity was measured through
conductivity meter and adjusted to about 20 U/mL (1
U=1 lmol urea hydrolyzed per minute) before use
(Stabnikovet al., 2011). The cementation solution (CS)
comprised equal moles of CaCl2 (1.0 mol/L) and urea
(1.0 mol/L), which was in accordance with several previous
studies that demonstrated effective MICP treatment (Ma
et al., 2021; Yang et al., 2019).

2.2 Testing apparatus

A testing apparatus is designed to explore the effect of
MICP on seepage control for shield tunnels. The picture
of the apparatus is shown in Fig. 3, and the overall sche-
matic of testing tank is displayed in Fig. 4. The apparatus
consists of a monitor, a data acquisition instrument, a pres-
sure indicator, an air pump, a grout reservoir, a tank, and
injection tubes. The air pump can provide a maximum
pressure of 100 kPa. The pressure can be adjusted to the
required value through rotating the valve, and the pressure
value can be read from the pressure indicator. The tank is
composed of a water tank, a sand tank, and a detective tun-
nel, all of which are made of transparent acrylic plates for
visual observation. The width, depth, and thickness of the
tank is set to be 730, 760, and 175 mm, respectively, as
shown in Fig. 4. Sand is evenly poured up to 720 mm in
depth inside the sand tank. The sand tank has a water inlet
and an overflow hole to maintain a constant water head. A
plate that is made of permeable porous stones is placed
between the sand tank and water tank to prevent migration
of sand particles.

2.2.1 Prototype

The relationship between the model and the prototype
follows the scaling law in Wood (2004). Based on the sand
tank dimensions, the scale factor for length (nl) was set to



Table 1
Properties of the used sand.

Sand type Grain size (mm) Cu d50
(mm)

qdmax (g/cm
3) qdmin

(g/cm3)

Fujian sand 0.08–2.50 5.08 0.52 1.92 1.66
Coarse sand 0.5–1.0 1.47 0.46 1.72 1.65

Note: Cu refers to coefficient of uniformity, d50 is the particle size when the cumulative particle size distribution percentage of a sample reaches 50%, and
qdmax and qdmin are the maximum and minimum dry densities, respectively.

Fig. 3. Designed apparatus for grouting test.
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be 1∶35. Under the 1-g experiment condition, the scale fac-
tor for unit weight (nc) is 1∶1 since original sand is used to
model soil. Thus, according to dimensional analysis, the
scale factors for other quantities were determined (Table 2).
Some compromises were adopted for modelling a tunnel
because it is difficult to perfectly achieve the ideal values
of listed scale ratios.

2.2.2 Modelling of tunnel linings

A typical ring of prototype of Shanghai metro tunnel is
0.35 m in wall thickness and 6.2 m in diameter, as illus-
trated in Fig. 5. The lining model is a semicircular acrylic
tube with wall thickness of 10 mm and outer diameter of
180 mm and is set at the bottom of the sand tank, as shown
in Fig. 4. The detailed geometrical parameters for proto-
type linings and the model are presented in Table 3.

A semicircular acrylic tube with length of 175 mm is
used to model five rings of tunnel lings. Following the divi-
siory angle in Fig. 5, a grouting hole with a diameter of
3 mm is drilled at the center of L1 block, as shown in
Fig. 4(a). The seam between Linings 2 and 3 (Fig. 4(a)) is
fabricated to simulate the seepage of circumferential seam.
The seam with the width of 1 mm is first cut, and then a
0.2 mm-thick plastic sheet is stuck on one side of the seam.
Then, the seam is filled with acrylic glue. When the acrylic
glue become solidified and dried, the plastic sheet is
removed. Therefore, a 0.2 mm-wide seam is fabricated
and used to simulate the seepage of circumferential seam
of tunnel linings. It should be noted that the surface of
the fabricated seam is rugged.

2.3 Testing methods

Different conditions of all test cases are displayed in
Table 4, where the effect of grouting pressure (Tests 1, 2,
and 3), bacterial activity (Tests 3, 4, and 5), CaCO3 content
and treatment cycles (Tests 6 and 7; Tests 8 and 9), and
grouting strategies (Tests 3 and 6; Tests 8 and 10) on seep-
age flow rate are particularly examined. The grouting pres-
sure is set to be 15–30 kPa based on the grouting pressure
of 0.5 MPa in the field and the scale factor of 1:35 for pres-
sure (Table 2). In these testing cases, the leaky position is at
circumferential seam, which is the seam between the adja-
cent blocks (i.e., L1 in Fig. 5) of two adjacent lining rings.

2.3.1 Procedure of soil preparation and MICP treatment

In the field, there is a grouting layer behind tunnel lin-
ings, and the thickness of the grouting layer is uneven
along the circumferential direction (Dong et al., 2022; Ye
et al., 2023). In addition to preventing ground settlement,
this grouting layer also prevents water from seeping into
the tunnel. Since the cement grouting layer has the function
of waterproofing and the micropore or micro-fractures of
the cement grouting layer can be filled through MICP
method, the effect using MICP for seepage control with
considering grouting layer is better than that without con-
sidering grouting layer. If the effect of the MICP method
on the reduction of seepage flow rate without considering
grouting layer is good, the effect of the MICP method on
seepage control will not be bad. Hence, the grouting layer
behind the tunnel lining is not considered herein to investi-
gate the effect of MICP on seepage control. Two different
grouting strategies (one-phase injection and two-phase
injection method) are implemented to explore the MICP
treatment for seepage control.

Strategy I: The one-phase injection method is used
(Cheng et al., 2019; Cui et al., 2021). For this method, a
volume of 600 mL mixed solution consisting of 300 mL
bacterial suspension (BS) (20 U/mL) and 300 mL CS
(2 mol/L) is injected into the sand for each injection cycle.
The sand in the tank remains untouched for 3 h before next
injection cycle. The water overflows through the overflow
hole on the water tank (Fig. 4(b)) to maintain constant
water head during the injection process.



Fig. 4. Schematic of testing tank. (a) Front view, (b) left view, and (c) right view. Note: L1, B1, and D are the serial numbers of tunnel lining blocks along
the circumference; V is the volume of the water seeping from the leaky seam. (Unit: mm).

Table 2
Scale factors used in experiment.

Quantity Symbol Scale factor Scaling ratio

Length l nl 1:35
Density q nq 1:1
Unit weight c nc ¼ nq 1:1
Shear stiffness for sand G nG 1:1
Acceleration g ng 1:1
Pressure p np ¼ nqngnl 1:35
Seepage flow rate Q nQ ¼ n3l nqðnq=nGÞ1=2 1:353

Shear wave velocity v nv ¼ ðnG=nqÞ1=2 1:1
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Fig. 5. Lining structure of Shanghai metro tunnel. Note: L1, L2, B1, B2,
F, and D are the serial numbers of tunnel lining blocks along the
circumference.

Table 3
Lining properties.

Lining structure Model Shanghai metro tunnel

Outer diameter (m) 0.180 6.20
Wall thickness (m) 0.010 0.35
Ring width (m) 0.035 1.20
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Strategy II: The two-phase injection method (Cheng &
Cord-Ruwisch, 2012) is used. The injections of BS and
CS are separate for this method. The whole treatment cycle
includes the injections of BS and CS. A volume of 300 mL
BS (10 U/mL) is first injected into the sand, and the BS are
then retained in the sand for 40 min before a volume of
300 mL CS (1 mol/L) is injected. The retention time
between every two whole treatment cycles is also 3 h. The
water head is also maintained constant during the injection
process.

The detailed testing procedures are as follows:

(1) Check the apparatus, install the tunnel, and use the
silica gel to block the seam of the tunnel and the junc-
tion between the tunnel and sand tank before the test.

(2) Apply automatic sand pourer to put the sand into the
soil tank following a method in Zhao et al. (2006) and
tamp the sand layer by layer to a relative density of
80% to achieve the target initial soil condition for
each test case. The relative density of 80% is achieved
through compacting the ground into depth of
720 mm with each layer of 90 mm-thick through
moist tamping while simultaneously raising the water
table. During the sand loading process, it must
always be ensured that the sand is poured into the
water, which can guarantee that the sand achieves full
saturation. The height of sand layer is controlled via
horizontal lines marked at 90 mm intervals on the
tank walls. When the height of the sand reaches the
final height of 720 mm, the soil in the tank remains
untouched for 12 h to reach full saturation.

(3) Activate the seam between Linings 2 and 3 (Fig. 4(a))
by removing the silica gel to conduct the constant
head permeability test to gain the initial seepage flow
rate of water seeping from the circumferential lining
seam.

(4) Block the seam using the silica gel before the grouting
test. Prepare the BS and CS and adjust their concen-
tration to the required concentration in Table 4. If
one-phase injection method is used, adjust the initial
pH of BS to 6 and mix the BS and CS, and then pump
the mixed solution into the grout reservoir through a
peristaltic pump. If two-phase injection method is
used, adjust the initial pH of BS to 8, and then pump
the BS and CS into the grout reservoir in sequence.
The lining seam remains blocked between the injec-
tion of bacterial suspension and cementation solu-
tion. After injecting the corresponding solution into
the grout reservoir, all the parts of the testing appara-
tus in Fig. 3 are then connected.

(5) Inject the solution of the grout reservoir through the
grouting hole on Lining 3 (Fig. 4(a)) into the sand
tank following Strategy I or II. Different cycles can
be treated according to the grouting conditions in
Table 4, and the retention time between every two
cycles is 3 h. At the start and the end of each cycle,
photos are taken to record the flow process of the
injected solution.

(6) Collect the grout-sand mixture for CaCO3 content
test analysis and shear wave velocity test analysis.
2.3.2 Test of the flow rate of seepage
The testing system presented in Fig. 4(a) enables the

seepage flow rate of water seeping from the circumferential
lining seam to be measured under a constant water head.
An overflow hole is on the water tank to keep the water
head above the tunnel constant, as shown in Fig. 4. Let
the water leak into the semicircular acrylic tube (i.e., the
tunnel) through the seam between Linings 2 and 3 (Fig. 4
(a)) by removing the silica gel on the seam. During this
leakage process, the water height in the water tank is kept
constant by supplying the water tank with water through
the water inlets. The volume of collected seepage water
from the seam is measured and the time for water collec-
tion is recorded. The seepage flow rate of water seeping
from the circumferential lining seam (Q) is calculated as
follows:

Q ¼ V =T ; ð3Þ
where V is the volume of collected water in m3 and T is the
water collection time in s.

When the soil tank is filled with sand, the testing appa-
ratus is left to stand for 12 h. The initial seepage flow rate
of water is then measured first. After the sand around the



Table 4
Grouting testing cases.

Test Soil type Grouting
pressure (kPa)

Bacterial activity (U/mL) Concentration
of CS (mol/L)

Leaky position Injection method Treatment cycles

1 Fujian sand 30 20 2.0 Circumferential seam One-phase 3
2 Fujian sand 20 20 2.0 Circumferential seam One-phase 3
3 Fujian sand 15 20 2.0 Circumferential seam One-phase 3
4 Fujian sand 15 15 2.0 Circumferential seam One-phase 3
5 Fujian sand 15 5 2.0 Circumferential seam One-phase 3
6 Fujian sand 15 10 1.0 Circumferential seam Two-phase 3
7 Fujian sand 15 10 1.0 Circumferential seam Two-phase 9
8 Coarse sand 15 10 1.0 Circumferential seam One-phase 3
9 Coarse sand 15 10 1.0 Circumferential seam One-phase 6
10 Coarse sand 15 5 0.5 Circumferential seam Two-phase 3
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tunnel undergoes different number of cycles (i.e., 3, 6, and 9
cycles) of MICP treatment, the seepage flow rate of water
corresponding to different MICP treatment cycles is
measured.

2.3.3 CaCO3 content determination, wave velocity test, and

microstructure analysis

After measuring the seepage flow rate for thephysical
tunnel model with sand backfill of different MICP-treated
cycles, the sand in the soil tank is shoveled out and the
grout-sand mixture is collected to determine the CaCO3

content, to conduct the wave velocity test, and to analyze
the microstructure of MICP treated sand. The grout-sand
mixture is first washed using tap water, and then is dried
at 105 ℃ in an oven for 24 h prior to the aforementioned
tests.

Nine specimens are taken along the circumferential lin-
ing seam direction from the grout-sand mixture. The
CaCO3 in the specimen is dissolved using hydrochloric acid
(2 mol/L). The weight loss after the acid washing is the
CaCO3 mass. The CaCO3 content is calculated by dividing
the specimen mass by the mass of CaCO3. Three specimens
are also taken along the seam direction to analyze the
microstructure of treated sand using the scanning electron
microscopy (SEM).

3 Results and data interpretation

The effect of MICP on seepage control were analysed
through comparing the untreated and MICP treated sam-
ples from the following four aspects: (a) visual observa-
tions; (b) reduction of seepage flow rate; (c) variation of
pore pressure during grouting; and (d) effect of CaCO3 con-
tent on wave velocity.

3.1 Visual observation

Visual observation has been widely used as a qualitative
tool for researching the effect of soil gradation and grout-
ing parameters on the shape of grout-sand mixture
(Bezuijen, 2010). Figure 6 shows the photos of the mixed
BS-CS flowing into the Fujian sand behind the tunnel at
different time. Pictures were taken at every flow stage of
the solution in this study. Figure 6(a) shows the flow pro-
cess of the mixed BS-CS in Fujian sand at grouting pres-
sure of 15 kPa during the first injection stage. It can be
clearly seen that the mixed BS-CS gradually diffused in
Fujian sand in a spherical diffusion manner. When the
injection of the mixed BS-CS was finished, the height of
the mixed BS-CS above the tunnel dropped because of
the gravity, as shown in the last picture of Fig. 6(a). Before
the next (second) injection of the mixed BS-CS, the soil in
the tank remained untouched for 3 h. During this time,
CaCO3 crystals precipitated in the pores of the sand and
blocked the flow channels in sand. Therefore, the spherical
diffusion phenomenon of the mixed BS-CS cannot be
observed during the second and third injection (Fig. 6
(b)). The grout-sand mixture presented a spherical shape.
The radius of the grout-sand mixture can be calculated
using Maag’s formula as follows:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Kshr0t

bn
3

s
; ð4Þ

where Ks is the permeability coefficient of sand, h is the
grouting pressure, r0 is the radius of the grouting pipe, t
is the grouting time, n is the porosity of sand, and b is
the viscosity ratio of slurry viscosity to water (b can be
taken as 1, since the viscosity of microbial slurry is close
to the viscosity of water).

The photos of the mixed BS-CS diffusing in Fujian sand
behind the tunnel at a grouting pressure of 30 kPa are pre-
sented in Fig. 7. Because this pressure was high, the mixed
solution flowed very fast into the sand, and the grouting
time was only 40 s. Following the Maag’s formula (Eq.
(4)), the radius of the grout-sand mixture at a grouting
pressure of 30 kPa (Fig. 8) was smaller than that at grout-
ing pressure of 15 kPa (Fig. 6(b)). Disturbed areas were
formed near the tunnel because of the high grouting pres-
sure, as displayed in Fig. 7.

Figure 9 shows the diffusion process of the mixed BS-CS
in coarse sand behind the tunnel at grouting pressure of
15 kPa. The mixed BS-CS also gradually diffused in a
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spherical diffusion manner. Different from the observed
phenomenon in Fujian sand, the diffusion range of the
mixed BS-CS still presents a semicircular shape above the
tunnel during the second and third injection. This is
because the pore volume was relatively larger in coarse
sand than that in Fujian sand, and the precipitated CaCO3

only filled part of the pores, which made it easier for the
mixed solution to diffuse to the upper part of the tunnel
in coarse sand than in Fujian sand.

3.2 Reduction of seepage flow rate

3.2.1 Effect of injection method on seepage flow rate

The results of the effect of different injection strategies
on seepage flow rate are shown in Table 5 and Fig. 10.
For coarse-sand-grout backfill behind the tunnel lining,
the results of Test 8 with the one-phase injection are com-
pared with those of Test 10 with the two-phase injection
method in Fig. 10 and Table 5. In terms of reduction of
seepage flow rate, the effect of one-phase and two-phase
treatment are comparable, as displayed in Fig. 10. The
reduction of seepage flow rate is not considerable after 3
MICP treatment cycles because the pore size of coarse sand
is relatively large. It indicates that the amount of CaCO3

precipitates after 3 MICP treatment cycles cannot better fill
the large pores. The mixed BS-CS has a good groutability
for coarse sand. The bio-flocs formed during injection are
good for filling the pores of sand.

Compared with the initial seepage flow rate, the seepage
flow rate under Fujian-sand-grout backfill reduced 86.9%
after treatment using the two-phase injection method (Test
6) while 95% after treatment using the one-phase injection
method (Test 3), as shown in Table 5. The one-phase injec-
tion method was obviously better than the two-phase injec-
tion method in reducing seepage flow rate. However, the
mixed BS-CS used in the one-phase injection method had
a poor groutability for Fujian sand. In the scale model test,
the mixed BS-CS flowed slowly into the sand because of the
low grouting pressure (15 kPa). Therefore, the mixed solu-
tion had time to react to form bio-flocs in the injection
tube. Fujian sand contained lots of fine sand particles that
lead to a smaller pore size. The size of some bio-flocs is lar-
ger than the pore size of sand, and thus the bio-flocs is dif-
ficult to inject the pore size under the low pressure.
Moreover, the bio-flocs easily caused the clogging of the
pore voids near the grouting hole. These are the reasons
why the groutability of the mixed BS-CS is poor for Fujian
sand.

The findings from Tests 3 and 6 show that one-phase
injection method is effective for controlling seepage, but
it is difficult to inject the mixed BS-CS into Fujian sand
if the high-activity bacteria are used because of the genera-
tion of bio-flocs in the injection tube during the grouting
process. Therefore, Tests 4 and 5 were conducted to deter-
mine whether low-activity bacteria can reduce the produc-
tion of bio-flocs thus improving the groutability of the
mixed BS-CS. The relation between the bacterial activity
and the seepage flow rate were obtained through Tests 4
and 5, as presented in Fig. 11. It was found the bio-flocs
can be alleviated at bacterial activity of 5 U/mL compared
with those at bacterial activities of 10 and 15 U/mL. More-
over, the seepage flow rate obtained after grouting under
these three kinds of bacterial activity had small difference,
as shown in Fig. 11. Therefore, appropriate reduction of
bacterial activity can provide the bio-cementation process
a lag period that allows the mixed solution to be easily
grouted into Fujian sand before occurrence of large
amounts of bio-flocs. A longer lag period can ensure a
much larger region to be evenly loaded with the mixed
solution before the generation of precipitation and bio-
flocs (Cheng et al., 2019). This is supported by the obtained
SEM images of grout-sand mixture (see Section 3.2.2). The
lag period of bio-cementation process can also be con-
trolled through adjusting the pH of the mixed solution,
as reported by Cheng et al. (2019). The used pH of the
mixed BS-CS was set as 6 in this research. Further research
is needed to understand the effect of the pH on lag period
so as to obtain the better reduction effect of seepage flow
rate.

3.2.2 Effect of CaCO3 content and distribution on seepage

flow rate

MICP stabilizes loose sand particles using precipitated
CaCO3 to bind the sand particles, resulting in an increase
in shear strength and a reduction in permeability of sand.
This improvement in soil permeability and strength
depends on the microscale properties of CaCO3 precipi-
tates and the macroscale CaCO3 content. To investigate
the microscale distribution of precipitates, MICP-treated
sand subsamples were taken from the grout-sand mixture
and SEM images of the grout-sand mixture which corre-
sponded to the bottom, middle, and top parts of circumfer-
ential seam (Fig. 4(a)) were obtained, as shown in Figs. 12
and 13.

For the mixed solution used in Test 8, the bacterial
activity was 5 U/mL and the concentration of CS was
0.5 mol/L, and they were both lower than those used in
Test 6. Figure 12(a) and (b) displays the SEM images taken
from bio-cemented Fujian sand and coarse sand, respec-
tively. Because of the influence of bacterial activity and
CS concentration, the size of precipitated CaCO3 crystals
on the pore throats and surface of Fujian sand in Test 6
(Fig. 12(a)) was larger than that of coarse sand in Test 8
(Fig. 12(b)). The precipitation crystals were non-
uniformly distributed on the surface of Fujian sand grains.
These findings are in line with the results in Al Qabany and
Soga (2013) where it was reported that larger concentra-
tions led to relatively larger precipitated CaCO3 crystals
along with inhomogeneous precipitation patterns. It means
that larger concentrations lead to relatively larger CaCO3

crystals, which results in a rapid decrease of seepage flow
rate with precipitation. Therefore, to control seepage, one
possible method is to use a low-concentration solution at
first for an initial uniform CaCO3 distribution and a great



Fig. 6. Photos of the diffusion process of the mixed solution in Fujian sand at grouting pressure of 15 kPa. (a) First injection, and (b) second and third
injection and grout-sand mixture.

Fig. 7. Photos of the diffusion process of the mixed solution in Fujian sand at a grouting pressure of 30 kPa.

Fig. 8. Fujian-sand-grout mixture at a grouting pressure of 30 kPa.
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many nucleation sites, and then use the high-concentration
solution to produce larger CaCO3 crystals to achieve faster
reduction of seepage flow rate.

The pore size in coarse sand is larger than that in Fujian
sand. The precipitated CaCO3 reduced the pore sizes to
some extent when coarse sand was treated 3 times using
MICP-based methods. However, the amount of CaCO3

was still not sufficient to fill in all the pores, as shown in
Fig. 12(b). Figure 13 displays SEM images of bio-
cemented Fujian sand after 9 MICP-treatments. The larger
precipitation crystals clog the most pores of Fujian sand,
which can greatly reduce permeability. Figure 13(d)–(f)
shows that the precipitated CaCO3 were mixtures of rhom-
bohedral calcite and spherical vaterite. These crystals
bound sand particles together, which strengthened the
sand. Calcium carbonate filled the pores better in the mid-
dle part (Fig. 13(e)) than in the top (Fig. 13(d)) and bottom
part (Fig. 13(f)) for the sand at the leaky circumferential
seam, because the middle part was around the grouting
hole. Comparing Fig. 12 with Fig. 13, one can derive that
more MICP-treatment cycles can better fill pores in sand.

Figure 14 displays the decrease in seepage flow ratewith
increase in the number of MICP treatments and the
amount of CaCO3 precipitation. The reduction in seepage
flow rate under coarse-sand-grout backfill was not as sig-
nificant as that for Fujian-sand-grout backfill. It can be
found from Fig. 14(a) that the seepage flow rate of water
seeping from the circumferential lining seam reduced by
approximately 86.9% for the apparatus under Fujian-
sand-grout backfill (Tests 6) and 60.5% under coarse-



Fig. 9. Photos of the diffusion process of the mixed solution in coarse sand at a grouting pressure of 15 kPa.

Table 5
Permeability obtained after grouting using different grouting methods.

Backfill type Initial seepage flow rate (m3/s) Seepage flow rate after grouting (m3/s) / Percentage of reduction

One-phase Two-phase

Fujian sand 4.08 � 10–6 2.05 � 10–7/ 95.0% 5.35 � 10–7/ 86.9%
Coarse sand 9.71 � 10–6 3.84 � 10–6/ 60.5% 4.42 � 10–6/ 54.5%

Fig. 10. Effect of grouting method on seepage flow rate. Fig. 11. Effect of bacterial activity on seepage flow rateunder backfill of
Fujian sand. The seepage flow rate at bacterial activity of 0 is the initial
seepage flow rate without MICP injection.
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sand-grout backfill (Tests 8) compared with their respective
initial value after 3 treatments. It can be also found from
the results in Fig. 14(b) that the seepage flow rate values
reduced by approximately 94.3% for the apparatus under
Fujian-sand-grout backfill (Tests 7) and 73.8% under
coarse-sand-grout backfill (Tests 9) compared with their
respective initial values when the amount of CaCO3 precip-
itation of the corresponding sand-grout mixture was
10.53% and 10.12%. Moreover, the rate of reduction of
seepage flow rateunder Fujian-sand-grout backfill was
greater than that under coarse-sand-grout backfill. As
shown in Fig. 14(b), for a similar CaCO3 content, the
reduction effect of seepage flow rate under coarse-sand-
grout backfill was inferior to that under Fujian-sand-
grout backfill because of the larger pore sizes of coarse
sand. Therefore, to achieve the same degree of reduction
of seepage flow rate, a larger amount of precipitation (or
more MICP treatment cycles) is needed for coarse sand
backfill than that needed for Fujian sand backfill. Large
reduction occurred at the first three treatment cycles, indi-
cating that the sizes of larger pores were reduced with the
development of calcite precipitation.

3.2.3 Influence of grouting pressure on seepage flow rate

The grouting pressure affects the flow rate of the mixed
liquid that injected into the sand. The greater the grouting
pressure, the faster the flow rate of the mixed solution. The
flow rate of the mixed BS-CS at grouting pressure of
15 kPa was lower compared with that of the mixed BS-
CS at grouting pressure of 20 and 30 kPa. Lower flow rate-
easily causes the clogging of the pore voids near the grout-
ing hole, because the mixed solution has more time to react
to form bio-flocs in the injection tube. The clogging at the
injection end affects the distribution of the mixed BS-CS
thus affecting the distribution of precipitated CaCO3.
Therefore, the grouting pressure indirectly affects the seep-
age flow rate.



Fig. 12. SEM images of bio-cemented sand after 3 MICP-treatment cycles. (a) Fujian sand, and (b) coarse sand.

Fig. 13. SEM images of bio-cemented Fujian sand after 9 MICP-treatment cycles. (a) SEM images of the treated sample from the top part of
circumferential seam, (b) SEM images of the treated sample from the middle part of circumferential seam, (c) SEM images of the treated sample from the
bottom part of circumferential seam, (d) enlarged view of the selected area in (a), (e) enlarged view of the selected area in (b), and (f) enlarged view of the
selected area in (c).
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Figure 15 presents the relationship between grouting
pressure and seepage flow rate. The reduction effect on
seepage flow rate with a grouting pressure of 20 kPa was
better than that with grouting pressures of 15 and
30 kPa. As observed by visual observation, the distribution
range of CaCO3 could cover the lining seam area when
these three grouting pressures were applied. However, the
reduction effect on seepage flow rate was different, because
the distributions of CaCO3 in the sand pores were different
with these three grouting pressures.

As far as the scale model test was concerned, for the first
injection, the mixed solution uniformly covered a larger
area regardless of the use ofgrouting pressure of 15, 50,
or 30 kPa. Before the next injection, the injected solution
reacted to form the irregularly shaped amorphous CaCO3
precipitates first. The irregularly shaped CaCO3 precipi-
tates would transform to spherical vaterite and then to
rhombohedral calcite at longer time scales (Rodriguez-
Blanco et al., 2011; Wang et al., 2019). The spherical vater-
ite and irregularly shaped amorphous CaCO3 precipitates
are less stable (Al Qabany & Soga, 2013) and may be
flushed out during next injections if the grouting pressure
is sufficiently high. Specifically, the diffusion range of the
mixed solution at 20 kPa was larger than that at 15 kPa,
and both of the grouting pressures were not enough to
flush out the spherical vaterite formed after the first injec-
tion. At the grouting pressure of 30 kPa, disturbed areas
appeared near the tunnel during injection (Fig. 7). There-
fore, the grouting pressure of 30 kPa was high enough to
flush out the less stable irregularly shaped CaCO3 precipi-
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tates and spherical vaterite. That is the reason why the per-
meability reduction effect at grouting pressure of 20 kPa is
better than that at 15 and 30 kPa.

3.3 Variation of pore pressure during grouting

Grouting leads to changes in the pore pressure of the
soil near the grouting region. When the waterproof perfor-
mance of the lining seam and segmental joints near the
grouting region are deteriorated due to their own aging
or the external disturbances, the increase in pore pressure
become a potential menace to the waterproofing of the tun-
nel. Therefore, understanding the variation law of pore
pressure near grouting hole of the tunnel segment during
the grouting process has certain guiding significance for
improving the waterproof performance.

The variation of pore pressure near grouting hole when
one-phase injection method was used at grouting pressure
of 15 kPa is illustrated in Fig. 16(a). The pore pressure at
the position flush with the grouting hole (P2 and P4) and
above the grouting hole (P1) had a larger increase
(Fig. 16(a)). Moreover, the increment of pore pressure at
tunnel vault (P1) is larger than that at tunnel waist (P5),
as presented in (Fig. 16(b)). Therefore, it is crucial to care-
fully monitor whether water leakage at P1, P2, and P4 will
occur during the grouting process for the purpose of timely
adjusting grouting pressure and strategy to enhance the
waterproofing effectiveness of the grouting method.

3.4 Effect of CaCO3 content on wave velocity

Pundit Lab. ultrasonic pulse velocity tester (Fig. 17(a))
was used to measure the shear wave (S-wave) velocity
and compression wave (P-wave) velocity of the treated
sand. The sand-grout mixture has irregular shape (Figs. 6
(b), 8, and 9), and the surfaces at two ends of the sand-
grout mixture should be ground flat during the velocity
test, as shown in Fig. 17(b). Moreover, the surface ground
Fig. 14. Relationship between seepage flow rate and two
flat should be coated with petroleum jelly to fill the voids of
surface for the purpose of reducing the effect of surface
voids on velocity.

The measured values of S- and P-wave velocity against
the CaCO3 content values for four MICP-treated samples
were plotted, as illustrated in Fig. 18 and Table 6. In gen-
eral, S- and P-wave velocity increases with the amount of
CaCO3 precipitation. The S-wave velocity of soil reflects
the shear stiffness. Binding or cementation between sand
particles directly influences the S-wave velocity. The S-
wave velocity only captures the precipitated CaCO3 crys-
tals active in binding sand particles together during precip-
itation process of MICP method. It is not influenced by
CaCO3 crystals attached to the open particle surfaces or
suspended in the pore fluid (Ma et al., 2021; DeJong
et al., 2010). Experiment results show that compared with
the initial value of S-wave velocity of 180 m/s for untreated
Fujian sand, the S-wave velocity increased to 1738 and
1446 m/s for MICP-treated Fujian sand samples with a
CaCO3 content of 10.53% and 5.25%, respectively, as pre-
sented in Fig. 18. The S-wave velocity of MICP-treated
coarse sand samples with a CaCO3 content of 10.12%
and 9.89% were 1057 and 834 m/s, respectively, compared
with the initial value of 160 m/s for untreated coarse sand.
By taking q as density of sand-grout mixture and according
to the relationship of G ¼ qv2S between shear modulus (G)
and shear wave velocity (vS), it can be derived that the
shear stiffness of the sand behind the tunnel lining has a
large increase after MICP treatment because of the increase
of vS.

The P-wave velocity of soil can reflect the compressibil-
ity of the soil. For lightly cemented and cohesionless soil,
the P-wave velocity primarily depends on the soil particle
material, the porosity, and the fluid bulk stiffness. If a soil
is 100% saturated (i.e. no air bubbles), the P-wave velocity
(vP) through soils is almost equal to that of water (about
1500 m/s) (DeJong et al., 2010). As the degree of saturation
decreases, the P-wave velocity decreases rapidly. When
factors. (a)Treatment cycles, and (b) CaCO3 content.



Fig. 15. Effect of grouting pressure on seepage flow rate.
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more precipitated CaCO3 crystals take up the pores of sand
(i.e., sufficient cementation exists), the P-wave velocity
through the cemented soil is greater than 1500 m/s. The
P-wave velocity of MICP-treated Fujian sand samples
(1832.5 and 2760.33 m/s) are higher than 1500 m/s
(Table 6), while the P-wave velocity of MICP-treated
coarse sand samples (1274.5 and 1553.67 m/s) are around
1500 m/s (Table 6), which implies that similar mass of
CaCO3 cannot better fill the pores of coarse sand because
of the larger pore sizes.

In summary, the MICP injection method can effectively
reduce the compressibility and improve the shear stiffness
for the backfill of coarse sand and Fujian sand behind
the tunnel lining. The increase of shear stiffness and the
reduction of compressibility of the sand-grout mixture
behind tunnel linings enables the impermeable membrane
generated by the CaCO3 precipitation less susceptible to
damage, ensuring the long-term effectiveness of leakage
prevention.

4 Discussion

The findings from this study have implications on how
MICP could be applied for shield tunnel seepage control
in the field. Different reduction effect of seepage flow rate
can be gained using different MICP injection methods.
With the use of the one-phase injection method, a better
permeability reduction effect is achieved. Furthermore,
one-phase injection method would result in a homogeneous
distribution of all the chemical ingredients and thus the
uniform CaCO3 distribution. By lowering the pH of the
cementation solution and adjusting the bacterial activity,
the lag period is able to be controlled to the time that is
needed to complete the injection of the mixed BS-CS,
which means it is possible to make the mixed liquid begin
to react to form bio-flocs as soon as the grouting is com-
pleted. However, the one-phase method can be successfully
used at the expense of the decrease of bacterial activity. The
high-concentration CS may be not used if the bacterial
activity is relatively low, because the high-concentration
CS further reduces the bacterial activity and thus the
amount of precipitated CaCO3 (Al Qabany et al., 2012).
High-concentration solution is helpful for the generation
of larger precipitation crystals to achieve rapid reduction
in permeability (Al Qabany & Soga, 2013). Therefore, for
the potential field engineering application, one possible
method is to use the one-phase injection method for an ini-
tial uniform distribution of precipitation and a great many
nucleation sites, and then use the two-phase injection
method with high bacterial activity and high-
concentration CS to produce larger precipitation crystals
so as to rapidly reduce the permeability.

Metro tunnel maintenance is often conducted at mid-
night and must be completed within about 4 h in order
to guarantee the daily operation of the metro tunnel. For
the potential engineering application of improving a real
tunnel constructed in sandy soil or silty soil in Shanghai,
it is suggested to complete 2 cycles of MICP injection
within about 4 h in one night. A number of 6 cycles of
MICP injection are recommend in 3 nights to investigate
the effectiveness of the MICP on seepage control in the
potential field sites. According to the rule of injecting poly-
acrylamide grout and polyurethane, it is suggested that in
each MICP cycle, 100 L of mixed BS-CS can be injected
into the sandy soil behind the tunnel ling through a single
grouting hole. Moreover, following the scaling law with the
scale factor of 1∶35, the grouting pressure and the rate of
flow had better be controlled around 0.5 MPa and within
5–10 L/min, respectively. It should be noted that the
duo-quick cement should be applied to the surface of the
leaky lining seam to block the lining seam, which can pre-
vent the mixed bacterial solution from running off during
the injection. When grouting is processed at the grouting
hole on the L1 or L2 block (Fig. 5), more attention should
be paid to whether water leakage at the tunnel vault and
the neighboring locations flush with the grouting hole will
occur, in order to timely adjusting grouting pressure and
strategy to enhance the waterproofing effectiveness of the
grouting method.

5 Conclusions

Identification of the effects of different processes, such as
bacterial activity, injection method, and grouting pressure,
enables the use of a MICP-based method for shield tunnel
seepage control. Understanding how different treatment
methods could affect the change of seepage flow rate and
stiffness of the sand-grout mixture is important. In this
research, a series of 1-g physical model tests were designed
and conducted to investigate the effectiveness of using
MICP to control the seepage of shield tunnels.

The testing results show that the rate of reduction of
seepage flow rate is greater with the one-phase injection
method compared with that with the two-phase injection
method. The one-phase injection method enables a much
larger region to be uniformly loaded with the mixed solu-



Fig. 16. Variation of pore pressure using one-phase injection method at grouting pressure of 15 kPa. (a) Variation of pore pressure at some certain
locations, and (b) increment of pore pressure.

Fig. 17. Velocity test. (a) Ultrasonic pulse velocity tester, and (b) velocity measurement for the sand-grout sample.

Fig. 18. Relationship between CaCO3 content and S-wave.

Table 6
Relationship between CaCO3 content and P-wave velocity.

Soil type CaCO3 content (%) P-wave velocity (m/s)

Coarse sand 9.89 1274.50
10.12 1553.67

Fujian sand 5.25 1832.50
10.53 2760.33
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tion, which results in uniform CaCO3 distribution and thus
a more uniform reduction in seepage flow rate. The grout-
ing pressure must be controlled within a certain range in
order to avoid large disturbance of the soil near the tunnel
and to prevent the irregularly shaped amorphous CaCO3

precipitates and spherical vaterite from being washed
away. The results also indicate that the seepage flow rate
decreases by 94.29% for the apparatus under Fujian-
sand-grout backfill and 73.8% under coarse-sand-grout
backfill compared with their respective initial seepage flow
rate values when the amount of CaCO3 precipitation of
sand-grout mixture is 10.53% and 10.12%. S-wave velocity
increases by 89.6% for MICP-treated Fujian sand and
84.9% for MICP-treated coarse sand compared to their
respective initial S-wave velocity value when the CaCO3

content is 10.53% and 10.12%. The P-wave velocity for
MICP-treated Fujian sand has a large increase compared
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with the value of untreated saturated Fujian sand (1500 m/
s).

The MICP approach that can decarbonize underground
construction is promising as an alternative treatment to
seepage control of shield tunnels if the bacterial activity,
grouting pressure, and grouting strategies are reasonably
controlled. The bacterial activity of 5–10 U/mL and the
grouting pressure around 0.5 MPa is suggested on the basis
of the findings in the scale model tests. Moreover, the strat-
egy of one-phase injection method followed by two-phase
injection method is strongly recommended for seepage con-
trol in the field.
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, 331–339.

Al Qabany, A., Soga, K., & Santamarina, C. (2012). Factors affecting
efficiency of microbially induced calcite precipitation. Journal of
Geotechnical and Geoenvironmental Engineering, 138(8), 992–1001.

American Society for Testing and Materials. (2016a). D4253: Standard
test methods for maximum index density and unit weight of soils using a
vibratory table. ASTM International.

American Society for Testing and Materials. (2016b). D4254: Standard
test methods for minimum index density and unit weight of soils and
calculation of relative density. ASTM International.
Bezuijen, A. (2010). Compensation grouting in sand: Experiments, field
experiences and mechanisms. [PhD Thesis, Delft University of Tech-
nology].

Cardoso, R., Pedreira, R., Duarte, S. O., & Monteiro, G. A. (2020). About
calcium carbonate precipitation on sand biocementation. Engineering
Geology, 271, 1–8.

Cheng, L., & Cord-Ruwisch, R. (2012). In situ soil cementation with
ureolytic bacteria by surface percolation. Ecological Engineering, 42,
64–72.

Cheng, L., Shahin, M. A., & Chu, J. (2019). Soil bio-cementation using a
new one-phase low-pH injection method. Acta Geotechnica, 14(3),
615–626.

Cheng, Y. J., Tang, C. S., Pan, X. H., Liu, B., Xie, Y. H., Cheng, Q., &
Shi, B. (2021). Application of microbial induced carbonate precipi-
tation for loess surface erosion control. Engineering Geology, 294,
1–14.

Chu, J., Stabnikov, V., & Ivanov, V. (2012). Microbially induced calcium
carbonate precipitation on surface or in the bulk of soil. Geomicro-
biology Journal, 29(6), 544–549.

Cui, M. J., Lai, H. J., Hoang, T., & Chu, J. (2021). One-phase-low-pH
enzyme induced carbonate precipitation (EICP) method for soil
improvement. Acta Geotechnica, 16(2), 481–489.

Cui, M. J., Zheng, J. J., Zhang, R. J., Lai, H. J., & Zhang, J. (2017).
Influence of cementation level on the strength behaviour of bio-
cemented sand. Acta Geotechnica, 12(5), 971–986.

DeJong, J. T., Mortensen, B. M., Martinez, B. C., & Nelson, D. C. (2010).
Bio-mediated soil improvement. Ecological Engineering, 36(2),
197–210.

Ding, W., Wang, Q., Qiao, Y., & Jin, Y. (2022). Experimental investi-
gation on waterproofing performance of segmental joint with double
gaskets for shield tunnel. Underground Space, 7(5), 898–910.

Dong, Z., Zhang, X., Tong, C., Chen, X., Feng, H., & Zhang, S. (2022).
Grouting-induced ground heave and building damage in tunnel
construction: A case study of Shenzhen metro. Underground Space, 7
(6), 1175–1191.

Gao, Y., Tang, X., Chu, J., & He, J. (2019). Microbially induced calcite
precipitation for seepage control in sandy soil. Geomicrobiology
Journal, 36(4), 366–375.

Gong, C., Xie, C., Zhu, H., Ding, W., Song, J., & Ge, Y. (2024). Time-
varying compressive properties and constitutive model of EPDM
rubber materials for tunnel gasketed joint. Construction and Building
Materials, 433, 136734.

He, J., Fang, C., Hang, L., Qi, Y., Mao, X., Yan, B., Zhou, Y., & Gao, Y.
(2021). Enzyme induced carbonate precipitation for soil internal
erosion control under water seepage. Geomechanics and Engineering, 26
(5), 415–425.

Huang, Z. K., Ning, C. L., Zhang, D. M., Huang, H. W., Zhang, D. M., &
Argyroudis, S. (2024). PDEM-based seismic performance evaluation of
circular tunnels under stochastic earthquake excitation. Georisk:
Assessment and Management of Risk for Engineered Systems and
Geohazards, 18(2), 513–525.

Ivanov, V., & Chu, J. (2008). Applications of microorganisms to
geotechnical engineering for bioclogging and biocementation of soil
in situ. Reviews in Environmental Science and Bio-Technology, 7(2),
139–153.

Jiang, N. J., & Soga, K. (2017). The applicability of microbially induced
calcite precipitation (MICP) for internal erosion control in gravel–sand
mixtures. Géotechnique, 67(1), 42–55.

Jiang, N. J., Soga, K., & Kuo, M. (2017). Microbially induced carbonate
precipitation for seepage-induced internal erosion control in sand–clay
mixtures. Journal of Geotechnical and Geoenvironmental Engineering,
143(3), 04016100.

Lai, H. J., Cui, M. J., Wu, S.-F., Yang, Y., & Chu, J. (2021). Retarding
effect of concentration of cementation solution on biocementation of
soil. Acta Geotechnica, 16(5), 1457–1472.

Ma, G., He, X., Jiang, X., Liu, H., Chu, J., & Xiao, Y. (2021). Strength
and permeability of bentonite-assisted biocemented coarse sand.
Canadian Geotechnical Journal, 58(7), 969–981.

Martinez, B.C., & DeJong, J.T. (2009). Bio-mediated soil improvement:
load transfer mechanisms at the micro-and macro-scales. In J. Han, G.
Zheng, V. R. Schaefer, & M. Huang (Eds.), Proceedings of the
Advances in Ground Improvement: Research to Practice in the United
States and China (pp. 242–251).American Society of Civil Engineers.

National Cement Standardization Technical Committee (SAC/TC184)
(2008). JCT 1084—2008: Methods for chemical analysis of China ISO

http://refhub.elsevier.com/S2467-9674(24)00075-8/h0005
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0005
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0005
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0010
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0010
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0010
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0010
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0030
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0030
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0030
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0030
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0035
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0035
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0035
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0035
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0040
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0040
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0040
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0040
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0045
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0045
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0045
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0045
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0045
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0050
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0050
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0050
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0050
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0055
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0055
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0055
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0055
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0060
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0060
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0060
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0060
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0065
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0065
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0065
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0065
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0070
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0070
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0070
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0070
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0075
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0075
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0075
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0075
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0075
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0080
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0080
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0080
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0080
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0085
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0085
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0085
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0085
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0085
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0090
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0090
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0090
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0090
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0090
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0100
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0100
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0100
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0100
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0100
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0105
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0105
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0105
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0105
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0110
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0110
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0110
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0110
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0110
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0115
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0115
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0115
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0115
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0120
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0120
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0120
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0120


80 S. Zhao et al. / Underground Space 21 (2025) 65–80
standard sand. National Development and Reform Commission. (in
Chinese).

Rodriguez-Blanco, J. D., Shaw, S., & Benning, L. G. (2011). The kinetics
and mechanisms of amorphous calcium carbonate (ACC) crystalliza-
tion to calcite, via vaterite. Nanoscale, 3(1), 265–271.

Shen, Y., Zhang, D., Wang, R., Li, J., & Huang, Z. (2023). SBD-K-
medoids-based long-term settlement analysis of shield tunnel. Trans-
portation Geotechnics, 42, 101053.

Stabnikov, V., Naeimi, M., Ivanov, V., & Chu, J. (2011). Formation of
water-impermeable crust on sand surface using biocement. Cement and
Concrete Research, 41(11), 1143–1149.

Treebupachatsakul, T., & Kamchoom, V. (2021). Permeability and setting
time of bio-mediated soil under various medium concentrations.
Journal of Rock Mechanics and Geotechnical Engineering, 13(2),
401–409.

Wang, C. (2021). Reliability-based design of lining structures for
underground space against water seepage. Underground Space, 6(3),
290–299.

Wang, P., Li, S., Li, J., Zhou, H., Ma, P., Tian, Y., Yuan, C., & Feng, X.
(2023). Seepage behavior and mechanical properties of two kinds of
polyurethane/water glass in combined grouting experiment. Tunnelling
and Underground Space Technology, 136, 105092.

Wang, R. L., Xiao, T. G., & Zhu, Y. (2011). Water leakage treatment and
deformation controlof shield tunnel in Shanghai metro. Underground
Engineering and Tunnels, 2, 102–108 (in Chinese).

Wang, Y.-J., Jiang, N.-J., Han, X.-L., Liu, K., & Du, Y.-J. (2022).
Biochemical, strength and erosional characteristics of coral sand
treated by bio-stimulated microbial induced calcite precipitation. Acta
Geotechnica, 17(9), 4217–4229.

Wang, Y., Soga, K., DeJong, J. T., & Kabla, A. J. (2019). Microscale
visualization of microbial-induced calcium carbonate precipitation
processes. Journal of Geotechnical and Geoenvironmental Engineering,
145(9), 04019045.

Wang, Z. Z., Zhang, J. Z., & Huang, H. W. (2024). Interpreting random
fields through the U-Net architecture for failure mechanism and
deformation predictions of geosystems. Geoscience Frontiers, 15,
101720.

Whiffin, V. S., Van Paassen, L. A., & Harkes, M. P. (2007). Microbial
carbonate precipitation as a soil improvement technique. Geomicrobi-
ology Journal, 24(5), 417–423.

Wood, D. M. (2004). Geotechnical modelling. CRC Press.
Yang, Y., Chu, J., Xiao, Y., Liu, H., & Cheng, L. (2019). Seepage control
in sand using bioslurry. Construction and Building Materials, 212,
342–349.

Ye, F., Feng, H., Han, X., Liang, X., Sun, H., Zhang, W., & Cao, X.
(2023). Mechanism and preventive measures of slurry leakage at shield
tail brushes under abnormal shutdown condition—A case study.
Underground Space, 8, 144–161.

Zhang, D., Zhang, D., Soga, K., Huang, H., & Wang, F. (2019).
Rehabilitation of Overdeformed Metro Tunnel in Shanghai by
Multiple Repair Measures. Journal of Geotechnical and Geoenviron-
mental Engineering, 145(11), 04019101.

Zhang, G.-L., Zhang, W.-J., Li, H.-L., Cao, W.-Z., Wang, B.-D., Guo,
W.-S., & Gao, P. (2021). Waterproofing behavior of sealing gaskets for
circumferential joints in shield tunnels: A full-scale experimental
investigation. Tunnelling and Underground Space Technology, 108,
103682.

Zhang, J. Z., Jiang, Q. H., Zhang, D. M., Huang, H. W., & Liu, Z. Q.
(2024). Influence of geological uncertainty and soil spatial variability
on tunnel deformation and their importance evaluation. Tunnelling and
Underground Space Technology, 152, 105930.

Zhao, S., Shadabfar, M., Zhang, D., Chen, J., & Huang, H. (2021). Deep
learning-based classification and instance segmentation of leakage-area
and scaling images of shield tunnel linings. Structural Control and
Health Monitoring, 28(6), e2732.

Zhao, S., Zhang, D. M., & Huang, H. W. (2020). Deep learning-based
image instance segmentation for moisture marks of shield tunnel
lining. Tunnelling and Underground Space Technology, 95, 103156.

Zhao, S., Wang, F.-Y., Tan, D.-Y., & Yang, A.-W. (2024). A deep
learning informed-mesoscale cohesive numerical model for investigat-
ing the mechanical behavior of shield tunnels with crack damage.
Structures, 66, 106902.

Zhao, Y., Gafar, K., Elshafie, M., Deeks, A., Knappett, J., & Madab-
hushi, S. (2006). Calibration and use of a new automatic sand pourer.
In C.W.W. Ng, Y.H. Wang, &L.M. Zhang (Eds.), Proceedings of the
6th International Conference on Physical Modelling in Geotechnics,
Hong Kong, China (pp. 265–270). CRC Press.

Zhu, C.-W., Wu, W., Ying, H.-W., Gong, X.-N., & Guo, P.-P. (2022).
Drainage-induced ground response in a twin-tunnel system through
analytical prediction over the seepage field. Underground Space, 7(3),
408–418.

http://refhub.elsevier.com/S2467-9674(24)00075-8/h0135
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0135
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0135
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0135
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0140
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0140
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0140
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0140
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0145
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0145
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0145
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0145
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0150
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0150
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0150
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0150
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0150
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0155
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0155
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0155
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0155
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0160
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0160
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0160
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0160
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0160
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0165
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0165
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0165
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0165
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0170
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0170
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0170
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0170
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0170
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0175
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0175
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0175
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0175
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0175
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0180
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0180
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0180
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0180
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0180
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0185
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0185
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0185
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0185
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0190
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0190
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0195
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0195
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0195
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0195
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0200
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0200
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0200
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0200
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0200
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0205
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0205
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0205
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0205
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0205
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0210
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0210
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0210
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0210
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0210
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0210
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0215
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0215
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0215
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0215
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0215
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0220
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0220
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0220
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0220
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0220
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0225
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0225
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0225
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0225
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0230
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0230
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0230
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0230
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0230
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0240
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0240
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0240
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0240
http://refhub.elsevier.com/S2467-9674(24)00075-8/h0240

	Experimental study on shield tunnel seepage control via �microbially induced calcite precipitation
	1 Introduction
	2 Experimental program and procedure
	2.1 Testing materials
	2.1.1 Types of sand
	2.1.2 Bacteria and cementation solutions

	2.2 Testing apparatus
	2.2.1 Prototype
	2.2.2 Modelling of tunnel linings

	2.3 Testing methods
	2.3.1 Procedure of soil preparation and MICP treatment
	2.3.2 Test of the flow rate of seepage
	2.3.3 CaCO3 content determination, wave velocity test, and microstructure analysis


	3 Results and data interpretation
	3.1 Visual observation
	3.2 Reduction of seepage flow rate
	3.2.1 Effect of injection method on seepage flow rate
	3.2.2 Effect of CaCO3 content and distribution on seepage flow rate
	3.2.3 Influence of grouting pressure on seepage flow rate

	3.3 Variation of pore pressure during grouting
	3.4 Effect of CaCO3 content on wave velocity

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	References


