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Abstract

During earth pressure balance (EPB) shield tunnelling in sandy ground, not only foam but also other 

conditioning agents need to be injected to reduce the permeability of muck and avoid water spewing 

out of the screw conveyor. Permeability tests were carried out to study the permeability 

characteristics of conditioned sand under high hydraulic gradients. A low bentonite slurry injection 

ratio (BIR) enhanced the workability of foam-conditioned sand. As the hydraulic gradient increased, 

the initial permeability coefficient of conditioned sand increased, and the initial stable period 

became shorter or disappeared. The BIR had a more significant effect on the permeability of 

conditioned sand than the foam injection ratio (FIR), and this effect gradually weakened as the 

hydraulic gradient increased. The initial permeability coefficient of the foam-bentonite slurry-

conditioned sand decreased by approximately an order of magnitude compared with that of the 

foam-conditioned sand. With the addition of bentonite slurry, suitable sand conditioning can accept 

a higher water content (w) and lower FIR, resulting in suitable ranges of w and FIR that are more 

flexible. Finally, the mechanism of stabilizing foam under the action of bentonite slurry was 

discussed by considering the interaction between foam bubbles and fine particles.
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1 Introduction

Spewing water and excavation face instability easily occur during earth pressure balance (EPB) 

shield tunnelling in water-rich sandy ground (Psomas 2001; Budach and Thewes 2015; Borio and 

Peila 2010; Bezuijen 2012). Soil conditioning is an effective way to solve this problem; agents are 

injected into the muck before the cutterhead and in the excavation chamber, which causes the muck 

to become pulpy (Vinai et al. 2008). In this state, the muck has suitable fluidity, low permeability, 

suitable compressibility and a low internal friction angle (Thewes and Budach 2010; Langmaack 

and Lee 2016; Mori et al. 2017; Liu et al. 2018). In general, to prevent water spewing, the 

permeability coefficient of the conditioned muck should be less than 10-5 m/s and maintained for at 

least 90 min (Quebaud et al. 1998; Borio and Peila 2010; Budach 2012; Budach and Thewes 2015; 

Wang et al. 2020). Foam, bentonite slurry and polymers are often used as single or combined agents 

to condition the muck.

Foam is widely used in sandy soils due to its advantages of convenient preparation, low cost, 

and dissipation after tunnel construction (Langmaack and Lee 2016; Mori et al 2018). Some scholars 

have studied the permeability characteristics of foam-conditioned sand. Bezuijen et al. (1999) 

pointed out that the permeability of conditioned sand is closely related to the filling state of sand 

pores by foam. The better the foam fills in the pores, the lower the permeability coefficient of foam-

conditioned sand. Borio and Peila (2010) carried out constant head permeability tests under different 

water pressures to study the permeability of foam-conditioned sand and found that the permeability 

coefficient of foam-conditioned sand decreased with an increase in the foam injection ratio (FIR, 

which is defined as the ratio of the volume of foam to that of a soil specimen in the natural loose 
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state) but increased with an increase in the foam expansion ratio (FER, which is defined as the ratio 

of the volume of foam to that of foam solution) and water pressure. However, because foam is a 

metastable multiphase system with an uneven bubble size (Pitois et al. 2009; Rouyer et al. 2014), 

the permeability of foam-conditioned sand has a certain temporal variability; that is, the 

permeability coefficient (k) is maintained at a low level in the initial period; however, as the foam 

bubbles continue to dissipate and are flushed out over time, k increases rapidly, and after a fast 

growth period, it finally stabilizes (Budach 2012; Hu et al. 2020; Wang et al. 2021). Hu et al. (2020) 

studied the effect of hydraulic gradients on the permeability characteristics of foam-conditioned 

sand. When the hydraulic gradient was high, the permeability coefficient of the muck did not meet 

the requirement of a low permeability coefficient, necessitating the selection of other agents or 

combined conditioning considerations. This is consistent with the experimental results of Borio and 

Peila (2010) and Peila (2014). Huang et al. (2019) found that when an EPB shield was tunnelled in 

water-rich sandy soils and conditioned only by foam, the permeability coefficient of the muck 

increased as the effective particle size (d10) increased, and the temporal variation in the permeability 

coefficient increased. When the sand had a low fine particle percentage, they suggested adding other 

agents, such as bentonite slurry. Quebaud et al. (1998) found that soil that was too coarse or too fine 

could not be well conditioned with foam, and other agents needed to be added. Jancsecz et al. (1999) 

pointed out that the foam-bentonite slurry combination produced better conditioning states of sandy 

soils. When the foam-bentonite slurry combination was used for muck conditioning, the ground 

surface settlement was significantly reduced, and the supporting pressure of the excavation face 

maintained stability.
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In summary, previous studies have mainly focused on the permeability characteristics of foam-

conditioned soil. However, at the same time, many studies have shown that using only foam as a 

single agent does not meet the requirements of low permeability for EPB shield tunnelling, 

especially when EPB shields re-thrust after a long standstill or tunnel in sandy ground under high 

water pressure. Adding other agents to consider combined conditioning, especially foam-bentonite 

slurry combinations, is necessary (Hajialilue-Bonab et al. 2014; Huang et al. 2019; Hu et al. 2020). 

However, there are few studies on the permeability characteristics of soil conditioned with foam 

and bentonite slurry.

This study is a supplement to Hu et al. (2020), who reported that the permeability coefficient of 

foam-conditioned sand with high water content was too high. A series of large-scale permeability 

tests were carried out in this study on foam-bentonite slurry-conditioned sand to investigate the 

effect of bentonite slurry on the function of foam for changing the permeability characteristics of 

sand under high hydraulic gradients. The permeability mechanism of muck with foam-bentonite 

slurry combined conditioning was analysed from the point of view of the interaction between foam 

(metastable structure) and bentonite (fine soil particles). The permeability and workability of foam-

bentonite slurry-conditioned sand and those of foam-conditioned sand were compared and discussed, 

and the superiority of sand conditioned with foam and bentonite slurry was shown.

2 Background

Although it is recommended that EPB shields should be used with a hydrostatic pressure head 

of less than 20 m (Galli and Thewes 2014), the hydrostatic pressure head in some EPB tunnel 

projects is higher than 20 m when tunnelling in deep granular strata or under rivers due to a relatively 
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low engineering cost with EPB shields. For example, the Longquan water tunnel in the Dianzhong 

Water Diversion Project of China is being constructed with an EPB shield, and the maximum 

hydrostatic pressure head reaches more than 50 m (the maximum burial depth is 75 m). Therefore, 

studying the permeability characteristics of conditioned sand under high hydraulic gradients is 

significant for guiding the safe excavation of EPB shields under special geological conditions in the 

future.

Hu et al. (2020) used the slump test to evaluate the workability of foam-conditioned sand. 

Studies have suggested that the appropriate slump value is 15-20 cm (Vinai et al. 2008; Wang et al. 

2020), and the conditioning states of sand were classified into five categories: insufficient 

conditioning, suitable conditioning without any water or foam bleeding, suitable flowability but 

with water bleeding, excessive conditioning with water bleeding, and excessive conditioning with 

probable foam bleeding. The water bleeding phenomenon conveys that water flows out of soil when 

it exists as free water in the soil, whereas probable foam bleeding means that foam flows out of soil 

when it cannot be sufficiently locked by soil. During shield tunnelling, the conditioned sand must 

maintain relatively suitable workability to be discharged out of the shield chamber; therefore, the 

insufficiently conditioned sand was not studied here, so its permeability characteristics were not 

tested. With the exception of insufficient conditioning, four other above defined states of sand were 

used to investigate the permeability. Hu et al. (2020) found that with suitable conditioning without 

any water or foam bleeding and excessive conditioning with probable foam bleeding, the initial 

permeability coefficient of sand conditioned with foam was lower than 10-5 m/s when the hydraulic 

gradient was 2.67. However, the sand could not meet the permeability requirements (in which the 
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initial permeability coefficient of sand is lower than 10-5 m/s and maintained for more than 90 min) 

in the range of hydraulic gradients from 4 to 17 under suitable conditioning but with water bleeding 

and excessive conditioning with water bleeding. Fig. 1 shows the suitable sand conditioning 

parameters indicated by the squares “□” according to the slump tests. In Fig. 1, suitable 

conditioning parameters for sand with ideal permeability characteristics for different hydraulic 

gradients are also circled. As the hydraulic gradient increased, the conditioning parameters with 

suitable permeability characteristics transitioned to having a lower water content (w) and higher FIR, 

as shown by the arrow. When the hydraulic gradient was 11, the sand did not have suitable 

workability, although there were still some conditioning states that could meet the permeability 

requirements. When the hydraulic gradient reached 17, the sand under any conditioning state could 

not meet the requirements of low permeability. Among them, sand under the states of suitable 

conditioning but with water bleeding and excessive conditioning with water bleeding had a high 

moisture content. Excessive free water occupied the permeation channel, and the internal 

permeation channel of the soil could not be evenly filled with foam bubbles to form effective water-

blocking structures. Once the permeability test began, the foam bubbles were quickly flushed away 

under hydrodynamic action, leading to the destruction of water-blocking structures, so the 

conditioning states were poor.

The mixture of bentonite and sand is often used to reduce the permeability of soil (Chapuis 

1990; Sivapullaiah et al. 2000; Ma et al. 2020). Kenney et al. (1992) pointed out that the 

permeability coefficient of the sand/bentonite mixture depends on the properties of the bentonite. In 

the bentonite/sand mixture, sand forms a load-supporting framework, which enables the mixture to 
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achieve macroscopic stability. The hydration bentonite particles occupy the space between sand 

particles and can act as a seepage barrier. However, only using bentonite to condition the soil for 

EPB shield tunnelling in sandy ground is not enough. As heat is generated by the friction of the 

cutters, the bentonite/sand mixtures easily adhere to the cutterhead and cutters to cause clogging, 

thus reducing the efficiency of excavation. Therefore, the addition of foam is necessary for 

lubrication. Because sand cannot meet the permeability requirements at each hydraulic gradient 

when w=10%, FIR=10% and w=10%, FIR=20%, bentonite slurry was added to investigate the 

permeability of the conditioned sand. It is hoped that the sand conditioned with a combination of 

foam and bentonite slurry can maintain a lower permeability coefficient during EPB shield 

tunnelling in water-rich sandy ground. On the basis of the explanation of the mechanism of 

combined conditioning, this paper provides more conditioning parameters for sand conditioning.

3 Test methods

3.1 Test materials

The sand used in the tests was the same as that studied by Hu et al. (2020) and collected from 

the Xiangjiang River, Changsha, China. The soil was sieved, and the desired soil was prepared to 

have the same grain size distribution as that studied by Hu et al. (2020) in Fig. 2. The fine particles 

(<0.075 mm in diameter) comprised 0.08% of the soil, and the sand (0.075-4.75 mm in diameter) 

and gravel (4.75-75 mm in diameter) particles comprised 67.87% and 32.05% of the soil, 

respectively. According to ASTM D2488-17ε1 (ASTM 2017), the soil is classified as poorly graded 

sand (SP). Its specific gravity and minimum dry density were 2.634 and 1.74 g/cm3, respectively, 

and the maximum porosity of the sand was calculated as 0.340. 
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A foam agent for EPB shield tunnelling with a weight concentration of 3% was used for the 

tests, and the major chemical compositions of the foam agent used are listed in Table 1. The foam 

generation system followed the requirements of the European Federation for Specialist Construction 

Chemicals and Concrete Systems (EFNARC 2005), as shown in Hu et al. (2020). Under the action 

of compressed air, the foam solution and air were evenly mixed in the foam generator, and the 

generated foam was collected at the outlet of the measuring plate. The FER was 10, and the half-

life duration of the generated foam was approximately 6 min.

Sodium bentonite powder was used, and the bentonite slurry was prepared following the 

standard by ISO 13500: 2008(E) (the International Organization for Standardization). Powdered 

sodium bentonite was tested by X-ray diffraction (XRD) and the minerals of the specimen are listed 

in Table 2. Viscosity is an important performance index of the slurry. If the viscosity of the bentonite 

slurry is too high, its pumpability is poor, and it easily causes conditioning pipeline blockage. 

However, if the viscosity is too low, the slurry does not achieve a suitable conditioning function of 

the sand. Slurry viscosity was measured using a Marsh funnel (API 2009; Peila et al. 2011; Xu and 

Bezuijen 2018a). The bentonite slurry used in this study had a weight concentration of 7%, its 

fermentation time was 18 h, and the corresponding Marsh funnel viscosity was approximately 45 s.

3.2 Test equipment and approaches

The slump test was carried out to investigate the workability of the conditioned sand following 

ASTM C143/C143M-20 (ASTM 2020). The conditioned sand was poured into the standard slump 

cone, and then the cone was lifted vertically. The falling distance of the sand specimen was recorded, 

and the overall workability of the sand was analysed. A self-designed, large-scale permeameter that 
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followed the requirements of ASTM D2434-19 (ASTM 2019) was used to conduct the constant 

head permeability tests. The permeameter was 30 cm in diameter and 75 cm in height. Two porous 

plates were placed at the top and bottom of the sand specimen to prevent the movement of fine 

particles. For more details, please refer to Hu et al. (2020).

The permeability tests followed ASTM D2434-19 (ASTM 2019). Each test was carried out 

according to the following steps.

(1) The sand was mixed with water for 1 min and left to stand to ensure that the sand specimen 

could fully absorb the water. Then, the bentonite slurry was mixed with sand for 1 min in a concrete 

mixer. Subsequently, the foam was added and stirred together for 1 min to prepare the conditioned 

sand.

(2) Filter paper was placed on the bottom plate, and then the foam-bentonite slurry-conditioned 

sand was filled layer by layer into the permeameter; the total height of the specimen was 

approximately 60 cm. To prevent the possible influence of gravity on the density of the sand, each 

layer was poured gently onto the surface of the previous layer.

(3) The top plate was assembled, and the required hydrostatic pressure head was provided by 

changing the head of the water tank. Then, tap water was slowly supplied to the top of the specimen. 

Meanwhile, the air release valve was opened.

(4) After the permeameter was full of water, the air release valve was closed, and one-

dimensional permeation downward along the axis of the permeameter was conducted. The whole 

process of specimen preparation for each permeability test was conducted in approximately 25 min.

(5) The height of sample l (m) in different time periods (which changed due to foam dissipation 
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and specimen compression), the volume of the seepage quantity Q (m3), the water pressure Pt (m) 

at the top gauge and the water pressure Pb (m) at the bottom gauge in a given period of time Δt were 

recorded. The permeability coefficient k at different times was calculated by Darcy’s law, as 

reported in Hu et al. (2020). When the permeability coefficient increased slowly and even remained 

with time, the permeability test was halted.

The conditions of the permeability tests are shown in Table 3.

4 Results of the slump tests

The muck discharged by the screw conveyor is required to have appropriate workability, which 

has often been evaluated based on slump values for EPB shield tunnelling (Peila 2014; Budach and 

Thewes 2015). Fig. 3 shows the results of the slump tests. It should be noted that the data for the 

dotted line, that is, the slump values of foam-conditioned sand, are from Wang et al. (2020).

According to Fig. 3, the slump values were generally high and increased with increasing FIR 

for the sand conditioned only with foam. Especially when the FIR was greater than 10%, the sand 

was in an excessive conditioning state with high fluidity, and its slump value exceeded the ideal 

range of 15-20 cm (Vinai et al. 2008; Wang et al. 2020). With the addition of a small amount of 

bentonite slurry (BIR=5%), the workability was improved, and the slump value was significantly 

reduced. For example, with a constant w=10% and FIR=10%, the slump values were 19.9 cm and 

18.0 cm, respectively, with BIR=0% and BIR=5%. The bentonite slurry can fill the pores between 

the coarse particles and cement the fine particles in the specimen (Xu and Bezuijen 2018b). 

Therefore, sand has better water retention and certain cohesion, which is conducive to the control 

of muck discharging, to better control the stability of the excavation face for EPB shield tunnelling. 
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However, a higher BIR is not necessarily better. The slump value of the combined conditioned sand 

increased to be close to that of the foam-conditioned sand when the BIR=10%. The reason is that if 

the BIR greatly increases, the excess bentonite slurry dominates the conditioned sand and reduces 

its shear strength better than the foam-bentonite slurry mixture.

5 Results of the permeability tests

5.1 Permeability characteristics of foam-bentonite slurry-conditioned sand

Fig. 4 shows the time-varying curves of the permeability coefficients (k) of foam-bentonite 

slurry-conditioned sand. Similar to foam-conditioned sand (Huang et al. 2019; Hu et al. 2020), there 

were three main periods of permeability coefficients, including an initial stable period, a fast growth 

period and a slow growth period. Under hydrodynamic action, foam bubbles and bentonite particles 

constantly adjusted their positions in the soil skeleton to form the most effective water-blocking 

structures. Therefore, during the early stage of the permeability test, the permeability coefficient 

showed a certain short-term reduction as shown in Fig. 5, which is the expanded inset of the early 

stage of the permeability coefficient in Fig. 4. After the foam bubbles and bentonite particles were 

stabilized under the seepage forces in the soil, the permeability coefficient of less than 10-5m/s in 

the initial stable period remained more than 90 min in most cases, as shown in Fig. 4. During this 

period, the permeability coefficient was maintained at a low level. The length of the initial stable 

period was related to the FIR and BIR. When the FIR was constant, it extended with the increase in 

the BIR, and when the BIR was constant, it extended with the increase in the FIR. As shown in Fig. 

4a, when the hydrostatic pressure head (P)=1.9 m and w=10%, the initial stable period extended 

from 932 min to 1200 min with an increase in the FIR from 10% to 20% and a constant BIR=5%, 
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but it increased from 932 min to 1626 min with an increase in the BIR from 5% to 10% and a 

constant FIR =10%. Thus, the BIR had a more significant effect on the initial stable period than the 

FIR. The same effect could be observed in Fig. 4b-d. After the initial stable period, the foam 

continued to coarsen, dissipate or be flushed out by water, forming a larger number of permeation 

channels in the conditioned sand and resulting in a rapid increase in the permeability coefficient; 

the sand thus entered the fast growth period. Finally, after a large number of foam bubbles dissipated 

or were flushed out of the specimen, the permeation channels tended to be stable, and the growth 

rate of the permeability coefficient slowed down, making the sand enter a slow growth period.

Additionally, with an increase in the hydrostatic pressure head (P) from Fig. 4(a) to Fig. 4(b), 

the permeability coefficient of foam-bentonite slurry-conditioned sand changed rapidly, showing 

that the initial stable period was shortened, the growth rate of the fast growth period was increased, 

and the slow growth period occurred sooner than expected. When w=10%, FIR=10%, and BIR=10%, 

the initial stable periods of the conditioned soil were 1626 min, 1104 min, 465 min and 100 min at 

hydrostatic pressure heads of 1.9 m, 2.9 m, 5.6 m and 9.6 m, respectively. When w=10%, FIR=10%, 

and BIR=5%, there was no initial stable period at a hydrostatic pressure head of 9.6 m. The reason 

is that with an increase in P, the water pressure acting on the conditioned soil increased and the 

water flow rate increased. Even if there are bentonite particles filling the sand, the foam bubbles 

filling the pores between the soil particles are likely to lose stability and are then flushed away by 

water, forming a larger number of permeability channels, and the permeability coefficient increases 

rapidly. For example, when w=10%, FIR=10%, and BIR=5%, the growth rate of the permeability 

coefficient was approximately 4.93×10-7 m/s per hour in the fast growth period at a P of 1.9 m, and 
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when the P increased to 2.9 m, 5.9 m and 9.6 m, the growth rates of the permeability coefficient 

were 6.62×10-7 m/s, 1.11×10-6 m/s and 1.19×10-6 m/s per hour, respectively.

At a constant P and FIR, the growth rate of the permeability coefficient slowed with an 

increasing BIR. As a highly viscous fluid, the bentonite slurry can tightly wrap particles in the sand, 

fill the pores in the sand, and reduce the permeability coefficient of the sand. On the other hand, 

fine bentonite particles are adsorbed at the air-liquid interface of foam bubbles, increasing the flow 

resistance of water on the foam film (Zhao et al. 2016; Guillermic et al. 2009). In addition, the 

existence of bentonite particles on the foam film and the permeability channels parallel to the surface 

of the foam film hinder air exchange between foam bubbles, slowing down the coarsening and 

dissipation of foam (Erasov et al. 2015). For example, with P=1.9 m, w=10%, and FIR=10%, the 

growth rate of the permeability coefficient decreased from 4.93×10-7 m/s to 4.08×10-7 m/s per hour 

for sand with an increase in the BIR from 5% to 10%. Note that the addition of fine particles could 

only slow but not prevent foam from coarsening and dissipating (Louvet et al. 2010).

5.2 Effect of the hydraulic gradient on the permeability characteristics of foam-

bentonite slurry-conditioned sand

By changing the hydrostatic pressure head (P), permeability tests under different hydraulic 

gradients were carried out on sand specimens with different conditioning parameters. The variations 

in the duration of the initial stable period (ts), the initial permeability coefficient (ki), and the 

permeability coefficient in the slow growth period (ksg) against the hydraulic gradient were 

investigated. ki is used as the mean value of the permeability coefficient during the whole initial 

stable period, and ksg is determined to be the permeability coefficient at the intersection point of the 

fast and slow growth periods.
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Fig. 6 shows the relationship between the duration of the ts and hydraulic gradient (i) of the 

foam-bentonite slurry-conditioned sand. The duration of the initial stable period of the permeability 

coefficient decreased with an increase in the hydraulic gradient, and the slope of the curve tended 

to be flat, indicating that the decreased rate of ts further decreased along the hydraulic gradient. 

According to Darcy’s law, the water flow rate increased with an increase in the hydraulic gradient, 

and the disturbance of the seepage force action on the foam structure was aggravated so that the 

foam bubbles in conditioned sand were more fragile, resulting in the destruction of water-blocking 

structures and a decrease in ts. For example, with w=10%, FIR=20%, and BIR=10%, when the 

hydraulic gradient increased from 4.01 to 5.77, ts decreased from 1950 min to 1398 min, decreasing 

by approximately 313.6 min per unit hydraulic gradient; when the hydraulic gradient increased from 

11.3 to 17.5, ts decreased from 626 min to 152 min, decreasing by only 76.5 min per unit hydraulic 

gradient. When the hydraulic gradient increased to a certain extent, most permeation channels 

blocked by foam were rapidly penetrated. Thus, only a small number of foam bubbles in the soil 

pores could maintain stability, and the range in which ts could decline also decreased. Compared 

with the conditioning parameters of w=10%, FIR=20%, and BIR=5% and w=10%, FIR=20%, and 

BIR=10%, with the increase in the BIR, ts increased in each hydraulic gradient. More bentonite 

particles filled pores, thereby increasing the fine particles of the specimen; at the same time, they 

were also adsorbed on the foam film, thereby forming more compact structures. They could fill 

permeation channels, impede film drainage and air exchange between foam bubbles, delay the foam 

dissipation rate and improve foam stability (Horozov 2008).

Fig. 7 shows the relationship between ki and the hydraulic gradient of the foam-bentonite slurry-
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conditioned soil. When the hydraulic gradient was low, ki grew slowly. For example, when w=10%, 

FIR=10%, and BIR=5% and the hydraulic gradient increased from 4.2 to 10.9 (approximately 2.6 

times), ki increased from 1.74×10-6 m/s to 2.64×10-6 m/s (only 1.5 times). With an increase in the 

hydraulic gradient, the growth rate of ki increased gradually. When w=10%, FIR=10%, and BIR=5% 

and the hydraulic gradient increased from 10.9 to 18.0 (approximately 1.7 times), ki increased from 

2.64×10-6 m/s to 6.94×10-6 m/s (approximately 2.6 times). Additionally, the BIR changed the 

influence of the hydraulic gradient on ki to some extent. Under high hydraulic gradients (higher than 

10.0), the BIR increased from 5% to 10%, and the growth rate of ki slowed significantly.

Fig. 8 shows the relationship between the permeability coefficient in ksg and the hydraulic 

gradient of the foam-bentonite slurry-conditioned soil. As the hydraulic gradient increased, ksg 

decreased gradually, and the slope of the curve showed that the rate of the decrease in ksg slowed 

down. For example, when w=10%, FIR=20%, and BIR=5%, the hydraulic gradient increased from 

3.9 to 17.2, and ksg decreased from 2.35×10-5 m/s to 2.12×10-5 m/s, a decrease of 10%. The ksg 

decreased because the foam bubbles almost dissipated or flushed out, and the permeability was 

dominated by the soil itself. As the hydraulic gradient increased, a seepage-induced consolidation 

process occurred in the soil. Fox (1996) also pointed out that using high hydraulic gradients would 

lead to a decrease in the permeability coefficient, especially for soils with a high compressibility, 

such as soft clays and soil-bentonite slurries. The process of increasing the hydraulic gradient also 

causes the migration of fine particles, which may be trapped downstream of the soil specimen (Olson 

and Daniel 1981; Leonards et al 1991). The fine bentonite particles were closely arranged, which 

blocked permeation channels and pores, resulting in a decrease in the permeability coefficient at the 

Page 16 of 41Canadian Geotechnical Journal (Author Accepted Manuscript)

© The Author(s) or their Institution(s)

C
an

. G
eo

te
ch

. J
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

C
en

tr
al

 S
ou

th
 U

ni
ve

rs
ity

 o
n 

10
/2

7/
21

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 T

hi
s 

Ju
st

-I
N

 m
an

us
cr

ip
t i

s 
th

e 
ac

ce
pt

ed
 m

an
us

cr
ip

t p
ri

or
 to

 c
op

y 
ed

iti
ng

 a
nd

 p
ag

e 
co

m
po

si
tio

n.
 I

t m
ay

 d
if

fe
r 

fr
om

 th
e 

fi
na

l o
ff

ic
ia

l v
er

si
on

 o
f 

re
co

rd
. 



17

bottom of the permeameter. However, due to the scale limitation of sand specimen tested in 

laboratory, it should be noted that the test results can be used as a useful indicator, but do not 

necessarily represent field behaviour.

6 Discussion

6.1 Comparative study on the permeability of foam-bentonite slurry-conditioned sand 

and foam-conditioned sand

According to the research results of Hu et al. (2020), using only foam to condition sand does not 

fully meet the permeability requirements of engineering for EPB shield tunnelling under high 

hydraulic gradients. Especially for the specimens with high water contents (w=10%, FIR=10% and 

w=10%, FIR=20%), the initial permeability coefficients of foam-conditioned sand did not meet the 

requirements of ki ≤ 10-5 m/s and ts ≥ 90 min at the four hydrostatic pressure heads of 1.9 m, 2.9 m, 

5.6 m and 9.6 m. On this basis, foam and bentonite slurry were used together to condition the sand 

with the same grain gradation as that in Hu et al. (2020). The time-varying curve comparison of the 

permeability coefficient is shown in Fig. 9, where the dotted line data are from Hu et al. (2020), and 

the solid line represents the upper limit of the ideal permeability coefficient of 10-5 m/s for EPB 

shield tunnelling.

The dotted line in Fig. 9 shows that the permeability coefficient of the conditioned soil with a 

high water content (w=10%) was high at each hydrostatic pressure head (P) when only foam was 

used as a conditioning agent, and the time-varying curves of the permeability coefficient had no 

initial stable period. The initial permeability coefficient far exceeded the upper limit of 10-5 m/s, 

and the growth rate was high in the fast growth period. Comparing the sand specimens with 

conditioning parameters of w=10%, FIR=20%, and BIR=0% and w=10%, FIR=20%, and BIR=5%, 
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the latter had a longer initial stable period than the former. The foam-bentonite slurry-conditioned 

sand had a lower permeability coefficient and a lower growth rate than those of the foam-

conditioned sand in the same permeability period. The initial permeability coefficient of the 

combined conditioned sand was approximately 1/10 of that of the foam-conditioned sand. The 

foam-bentonite slurry combined conditioning satisfied the permeability requirements of the muck 

(i.e., the initial permeability coefficient of sand was lower than 10-5 m/s and maintained for more 

than 90 min), but the single foam conditioning did not. Fig. 9 shows that under high hydraulic 

gradients, foam bubbles easily became unstable, leading to the destruction of the water-blocking 

structures. As a result, permeation channels were completely connected, and the permeability 

coefficient increased rapidly. To some extent, the bentonite slurry provided more fine particles for 

the sand specimen and effectively filled pores between the coarse particles. Simultaneously, the 

aggregation of fine bentonite particles increased the viscosity of the liquid phase, and the stability 

of the foam was promoted. The bentonite particles and foam bubbles jointly formed water-blocking 

structures to maintain the low permeability of the conditioned sand.

According to Fig. 1, reasonable conditioning for foam-conditioned sand should be carried out 

in the direction of a lower w and higher FIR, and the reasonable conditioning zone becomes 

gradually smaller with a higher hydraulic gradient. After the bentonite slurry is added, the amount 

of foam needed for suitable conditioning states is reduced. The bentonite slurry also enhances the 

water retention of the conditioned sand, resulting in sand conditioning with foam accepting a higher 

water content to obtain a suitable permeability state. In Fig. 1, sand conditioning with w=10% and 

FIR=10% conditions cannot satisfy the permeability requirements under a hydraulic gradient that is 
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less than 4. However, with the addition of bentonite slurry (BIR=5%), sand conditioning with the 

same w and FIR can still meet the permeability requirements under a hydraulic gradient as high as 

17. The reasonable conditioning zone expanded in the direction of a higher w and lower FIR with 

the addition of bentonite slurry.

6.2 Stabilizing mechanism of foam by bentonite particles

Foam can be considered a porous medium containing permeation channels between foam 

bubbles, known as plateau channels (Rouyer et al. 2014; Wang et al. 2020; Xu et al. 2021a). 

According to the Young-Laplace equation, the pressure in small foam bubbles was higher than that 

in large bubbles. With contact between small and large foam bubbles, the air in small bubbles 

entered the large bubbles through the foam film, and foam coarsening occurred. However, with the 

addition of bentonite slurry, fine bentonite particles occurred between the liquid film of the foam 

bubbles and formed a steric barrier to limit liquid film drainage to the plateau channels and prevent 

the foam from coarsening or dissipating (Erasov et al. 2015). Two mechanisms of stabilizing foam 

by bentonite particles are as follows.

On the one hand, the fine bentonite particles themselves need to be stabilized on the foam film 

to promote the stability of liquid between foam bubbles. The particle detachment energy (ΔG) is an 

important factor to describe the effect of fine particles on the stability of foam liquid (Kaptay 2006). 

The particle detachment energy is related to the free energy involved in removing the adsorbed 

particles from the foam film. When ignoring buoyancy and gravity, ΔG can be calculated by 

Equation (1) proposed by Hunter et al. (2008):

(1)2 2G= R cos   （1- ）

where R is the particle radius, σ is the surface tension at the air-liquid interface, and θ is the particle 
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contact angle.

On the other hand, the bentonite particles should stabilize the foam film and separate the foam 

bubbles. This refers to the theory of capillary pressure, which suggests that the stabilization of foam 

depends mainly on the capillary pressure between bubbles (Horozov 2008). Another perspective is 

that the foam bubbles attempt to break the pore-clogging effect of bentonite particles in the sand. 

Capillary pressure (Pc) is defined as the difference between the pressure in the bubble (P1) and the 

pressure in the liquid (P2). Fig. 10 shows the bentonite particles residing between the foam films. 

During the drainage process, the foam forms a meniscus around the bentonite particles. Specifically, 

this is a surface area effect in which bentonite particles provide a greater surface area for foam 

bubbles to affiliate with. As drainage increases, the meniscus profile continues to curve, the liquid 

film thickness (H) decreases, and the capillary pressure increases. At the end of the drainage process, 

H tends to 0, the foam bubbles contact each other, and the bentonite particles lose the capability of 

stabilizing foam bubbles.

The maximum capillary pressure (Pc
max) can be calculated by Equation (2) proposed by Kaptay 

(2006):

(2)
2 cosmax

cP = p
R
 

where p is a theoretical parameter, which is a function of foam film coverage by particles.

The above two mechanisms can be used to explain the stability of the foam in conditioned sand 

under the action of bentonite. Equation (2) shows that Pc
max increases with decreasing θ and R, 

indicating more difficulty in the drainage of foam liquid and contacting foam bubbles. However, 

from Equation (1), ΔG decreases with decreasing θ and R, which is more beneficial for the drainage 
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of foam liquid and contact between foam bubbles. Therefore, the function of foam stabilization by 

fine particles is the best under optimal contact angle and particle size values.

Kaptay (2006) pointed out that the optimal contact angle for particles stabilizing foam bubbles 

is mainly distributed in the range of 70°~110°. The contact angle of bentonite is generally 70.82° 

(Chen et al. 2016). Therefore, bentonite can be an excellent option for stabilizing foam bubbles. 

However, the optimal particle size has not been determined. According to the test results of Wu et 

al. (2020) and Xu et al. (2021b), foam mixed with fine soil particles had a lower size growth rate 

than pure foam, and the foam bubbles could remain steady for a long time in the soil. For the 

permeability of conditioned sand, foam bubbles with longer periods exist without coarsening, and 

a lower value of the initial permeability coefficient can be maintained for a long time. Referring to 

the test results in Section 6.1, when the conditioning parameters were w=10% and FIR=10%, the 

sand had a high permeability coefficient and no initial stable period. In contrast, after adding 

bentonite slurry with BIR=5% to sand with foam, the sand had a low initial permeability coefficient 

of 6.94×10-6 m/s for approximately 40 min under a hydraulic gradient as high as 17.

7 Conclusion

Foam-conditioned sand cannot meet permeability requirements when the hydraulic gradient is 

high. Through permeability tests of foam-bentonite slurry-conditioned sand under different 

conditioning parameters, the effect of bentonite slurry on the function of foam in changing the 

permeability characteristics of sand under high hydraulic gradients was studied. The following 

conclusions can be drawn.

Adding a small amount of bentonite slurry to the sand with foam could effectively reduce the 
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slump value of the sand and allow the sand to have suitable workability. However, with a constant 

FIR and a greater increase in the BIR, the fluidity of the conditioned sand increased, leading to a 

higher slump value. Therefore, attention should be given to foam-bentonite slurry combined 

conditioning such that BIR is not too high.

Under seepage force action, the foam bubbles and bentonite particles constantly adjusted their 

positions and moved in the soil skeleton to form effective water-blocking structures. The 

permeability coefficient had a short decreasing process during the early stage of the permeability 

test. After foam bubbles and bentonite particles were stabilized in the sand, the permeability 

coefficient entered an initial stable period for a long time, during which the permeability coefficient 

was maintained at a low level. The duration of the initial stable period was related to the FIR and 

BIR. When the FIR was constant, it increased as the BIR increased; when the BIR was constant, it 

also increased as the FIR increased.

As the hydraulic gradient increased, the time-varying curves of the permeability coefficient of 

foam-bentonite slurry-conditioned sand quickly passed through the initial stable period and the fast 

growth period and entered the slow growth period earlier. The foam bubbles were more likely to be 

unstable, so the permeability coefficient increased continuously and grew increasingly faster. 

Interestingly, when the hydraulic gradient was higher, the permeability coefficient in the slow 

growth period decreased, mainly because the fine bentonite particles migrated downward under the 

action of water at the higher flow rate, resulting in a more complete sealing of permeation channels 

at the bottom of the specimen.

The permeability coefficient of foam-bentonite slurry-conditioned sand was much lower than 
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that of foam-conditioned sand by approximately one order of magnitude. In the foam-bentonite 

slurry-conditioned sand, the initial stability time of the permeability coefficient below its upper limit 

(10-5 m/s) was longer. After the bentonite slurry was added, reasonable conditioning could be carried 

out in the direction of a higher w and lower FIR, and the reasonable conditioning zone was enlarged.

The stabilizing mechanism of foam bubbles by bentonite particles was discussed with two 

mechanisms: the particle detachment energy and the maximum capillary pressure. Bentonite 

particles with a suitable contact angle can be an excellent option to stabilize foam bubbles in 

conditioned sand and extend the duration of the initial stable period of the permeability coefficient.

This study is a supplement to Hu et al. (2020), which shows that foam cannot effectively 

condition sand when the hydraulic gradient is high, and the permeability characteristics of foam-

bentonite slurry-conditioned sand are investigated in depth. Foam bubbles in the excavation 

chamber dissipate during the standstill of the EPB shield, which leads to a decrease in the chamber 

pressure and the instability of the excavation face (Bezuijen and Dias 2017). After the addition of 

the bentonite slurry, foam bubbles existed for a longer time than before, a phenomenon that can 

better maintain the pressure of the excavation chamber. Sand can also meet the permeability 

requirements with the condition of foam and bentonite slurry, so the combination of foam and 

bentonite slurry can be regarded as an effective method of sand conditioning.
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Fig. 1. Range of suitable conditioning parameters for permeabilities at different hydraulic  

gradients. (“□”: Suitable conditioning without any water or foam bleeding, “◆”: insufficient  

conditioning, “○”: suitable conditioning but with water bleeding, “×”: excessive conditioning  

with probable foam bleeding, “△”: excessive conditioning with water bleeding) (Hu et al., 2020). 
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Fig. 2. Grain size distribution of the test sand.  
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Fig. 3. Comparison of slump values between foam-bentonite slurry-conditioned sand and foam- 

conditioned sand.  
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(a) (b)  

 
(c) (d)  

Fig. 4. Results of permeability tests with different hydrostatic pressure heads: (a) 1.9 m; (b) 2.9 m;  

(c) 5.6 m; (d) 9.6 m. 
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Fig. 5. Expanded inset of the early stage of the permeability coefficient: (a) 1.9 m; (b) 2.9 m; (c)  

5.6 m; (d) 9.6 m.  
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Fig. 6. Effect of the initial hydraulic gradient on the duration of the initial stable period.  
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Fig. 7. Effect of the initial hydraulic gradient on the initial permeability coefficient.  
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Fig. 8. Effect of the initial hydraulic gradient on the permeability coefficient in the slow growth  

period.  
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(a) (b)  
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Fig. 9. Comparison of time-varying curves of the permeability coefficients of foam-bentonite  

slurry-conditioned sand and foam-conditioned sand under different hydrostatic pressure heads: (a)  

1.9 m; (b) 2.9 m; (c) 5.6 m; (d) 9.6 m.  
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Fig. 10. Schematic diagram of the bentonite particle-stabilizing foam structure (modified from  

Kaptay, 2006).  
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1

Table 1 Chemical compositions of the foam agent.
Name Percent Function

Sodium dodecyl sulphate 1~1.5% Anionic surfactant
Dodecyl ammonium chloride 3~3.5% Cationic surfactant

Silicone oil 1~2% Foam stabilizer
Water 93~94% Solvent
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2

Table 2 Mineral compositions of the sodium bentonite.
Mineral name Chemical formula Percent 

Na-montmorillonite Na0.3(Al,Mg)2Si4O10(OH)2 48.8%
Ca-montmorillonite Ca0.2(Al,Mg)2Si4O10(OH)2 14.1%

Soda feldspar NaAlSi3O8 28.3%
Microcline (K0.95Na0.05) (AlSi3O8) 5.5%

Quartz SiO2 2.5%
Calcite CaCO3 0.8%
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Table 3 Testing conditions of the permeability tests.

Water 
content 

(w)

Foam 
injection ratio 

(FIR)

Bentonite 
slurry 

injection 
ratio 
(BIR)

Conditioning states
Hydrostatic 

pressure 
head (P)

Initial 
hydraulic 
gradients 

(i)

5% Suitable conditioning
10%

10%
Excessive but with no 

water bleeding

5%
Excessive but with no 

water bleeding
10%

20%
10%

Excessive but with no 
water bleeding

1.9 m, 2.9 
m, 5.6 m 
and 9.6 m

4.2, 5.8, 
10.3, 17.0
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