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ABSTRACT: Two series of experiments were carried out to examine pressurised bentonite
slurry infiltration into saturated sand columns. Three types of sand were examined, and water—
bentonite and water—bentonite—sand slurries were used in Series 1 and 2, respectively. Series 1
investigated the effect of sand particle size and Series 2 examined the effect of the fine-sand
particle content in the slurry. Scanning electron microscopy (SEM) imaging was used to observe
the morphological features of the dried slurry-infiltrated sand samples. A new solution for the
infiltration distance during mud spurt for water—bentonite—sand slurry infiltration was verified
using the data from Series 2. The infiltration test results showed that the hydraulic conductivity
of the slurry-infiltrated coarse sand in Series 2 was lower than that in Series 1. Visual
observations and the SEM images showed that sand particles were bound to a bentonite film,

indicating that, during infiltration, the channels for fluid flow among the sand particles are
1
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blocked by the bentonite particles adhered to the sand particles. The new solution for the
infiltration distance during mud spurt for water—bentonite—sand slurry infiltration showed good

agreement with the experimental results.
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1. INTRODUCTION

Pressurised bentonite slurry is widely used to stabilise the tunnel face during shield tunnelling
in saturated sandy soils with high water pressure. It is intended that a filter cake will be formed
on the tunnel face as the slurry infiltrates into the soil. Such a filter cake is important for the
stability of the tunnel face because it can transfer the slurry pressure onto the soil skeleton. Field
observations of filter cake formation are difficult, and they are only possible when the
excavation chamber is opened for maintenance, e.g., in the Yangtze River Tunnel in Nanjing
(Fig. 1). In such conditions, a filter cake is of extreme importance for the safety of the
maintenance operators. As an alternative, laboratory experiments have been widely carried out
to study the mechanisms of filter cake formation (Krause, 1987; Fritz, 2007; Talmon et al.,
2013; Min et al., 2013, 2019; Yin et al., 2016; Steencken, 2016; Zizka et al., 2019; Xu and

Bezuijen, 2019a, 2019b, 2019c¢).

R

Filter cake

" 3 ’.- ,‘ s

Fig. 1. Filter cake formed on the tunnel face during hyperbaric intervention in the Nanjing

Yangtze River Tunnel (modified after Zhu et al., 2019)

In the process of slurry infiltration, two stages are normally distinguished: mud spurt and filter
cake formation. Min et al. (2013) identified criteria for filter cake formation during slurry

infiltration into highly permeable soils using the ratio between the average pore size of the soil

3
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and the bentonite particle size. Min et al. (2019) examined the effects of seawater intrusion on
filter cake formation. Talmon et al. (2013) proposed using a Péclet number (Pe) to judge the

formation of a filter cake:

&, (1)

where v, is the pore fluid velocity, d is the hydraulic pore diameter, and cv is the consolidation

coefficient of the bentonite slurry. A value of Pe < 10 implies that a filter cake can be formed.

During excavation, the cutting wheel will cut off the filter cake, and this can change the
infiltration conditions on the tunnel face. Xu and Bezuijen (2019b) therefore carried out a series
of infiltration tests to establish the differences before and after the removal of the filter cake. It
was found that the infiltration will continue once the filter cake is removed, and the final
infiltration distance will be further increased. Xu and Bezuijen (2019a, 2019b, 2019c¢) also
investigated the hydraulic conductivity of sand for slurry. It was found that the hydraulic
conductivity values of Mol 32 sand (a poorly graded quartz sand with dso = 0.154 mm and a
hydraulic conductivity for water ks =4 x 10~* m/s at relative density > 90%) for slurries with
an apparent viscosity of 4.5 to 7.5 mPa-s were in the range 8.0 x 107 to 2.0 x 107> m/s.
However, in these tests, only the infiltration of slurry into a fine sand column was investigated.
Therefore, the effect of the particle size in the sand column on slurry infiltration is the first topic

of this paper.

In the above experiments, clean slurry made from bentonite and water was used. However, as
reported by COB (2000), the density of the slurry in the excavation chamber ranged between
1260 and 1450 kg/m>. In other words, rather than clean slurry, slurry containing soil will be
present in the gap between the cutter head and the tunnel face. This means that the infiltrating

slurry will contain soil particles. Xu and Bezuijen (2019b) therefore conducted experiments
4
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examining the infiltration of slurry containing fine sand particles into saturated fine sand. The
experimental results showed that there will be no external filter cake formed on the sand surface
with a high-density slurry (> 1300 kg/m?®). Moreover, a higher density (more sand in the slurry)
leads to a larger infiltration distance. This is because more sand particles in the slurry will be
deposited on the interface between the slurry and the sand column, meaning that more bentonite
particles will adhere to these deposited sand particles. According to Xu and Bezuijen (2019b),
a slurry with a higher bentonite content leads to a smaller infiltration distance. In their
experiments, only fine sand was used to make the sand column. When coarse sand is used, fine
sand particles may also travel with the infiltrating slurry into the pores. The effects of the fine
sand-particle content of the slurry on its infiltration have not been investigated, and this is

therefore the second topic of this paper.

To address these issues, two series of experiments were performed to examine the pressure
infiltration of bentonite slurry into sands with various particle sizes. Series 1 aimed to examine
the effect of the particle size on filter cake formation. Series 2 examined the infiltration
behaviour of slurry containing fine sand particles into sand. Scanning electron microscopy
(SEM) imaging was conducted to observe the morphological features of the dried slurry-
infiltrated sand samples. Through analysis of the experimental results, new findings relating to

the pressure infiltration of slurry under various conditions were obtained.

2. MATERIALS AND METHODS
2.1. Materials

Three grades were sieved from China standard sand (Pingtan sand) to make the samples: fine
sand (FS), medium sand (MS), and coarse sand (CS). The particle-size distribution (PSD) of
the source sand, along with the boundaries indicating the grades, is plotted in Fig. 2. The

properties of the three types of sand are summarised in Table 1. The hydraulic conductivity
5
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values were determined using constant-head permeability tests, and these correspond to a

relative density of 90%.

Table 1. Properties of the three sand grades

Tvoe Particle size | Relative density Porosit Hydraulic conductivity value
P (mm) (%) 4 for water (m/s)
FS <0.425 90 0.40 0.0017
MS [0.425, 1) 90 0.41 0.0276
CS [1,4) 90 0.41 0.0570
Cla Silt Sand e 1: Fine
: : y > 1 3 | | 2 Medium
100_ ——rr T iR BV AR 3: Coarse
90 / ~
I 1—— Sand
80 | ||
E / Bentonite
X 70
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Fig. 2. Particle-size distributions of the used sand and bentonite

A commercial sodium bentonite was used to prepare the slurry, the PSD of which is also plotted

in Fig. 2. The PSD of the bentonite was measured using a Malvern Mastersizer 3000 particle-

size analyser using a wet sample, and the PSD of the sand was measured in sieves using a dry

sample. The mineral contents of the bentonite are shown in Table 2. A Hamilton Beach

HMD200 mixer was used to mix the bentonite with water at 12 000 rpm for 20 min, and this

6
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was hydrated for 24 h, as specified by the API (2003). Four commonly used concentrations —
40, 50, 60, and 70 g/l (bentonite/water) — were adopted for the experiments. Before use, the
hydrated slurry was mixed again at 12 000 rpm for 5 min, using the same mixer. The shear
stresses under various shear rates for the slurries with different bentonite concentrations were
determined using a Fann RheoVADR digital rheometer (see Table 3). Data points were obtained
for 3, 6, 100, 200, 300, and 600 rpm, corresponding to shear rates between 5.1 and 1021 s,
Table 4 shows the rheological properties determined using the rheological curve shown in

Fig. 3.

Table 2. Mineral contents of the used bentonite

Mineral composition Content (%)
Alz.9Feo.04H2Ko.86Mgo.0sNao.1012S13 22
Nao.499Ca0.491(Al1.488S12.506058) 19
Nao 9K3.46Ca3.52A115.98156.10144(H20)44.68 15
Al;CaH10KO17Si3 14
Si02 11
ALSi4010(OH) 10
Al2(Si205)(OH)4 9

Table 3. Shear stresses (Pa) from the rheometer for various bentonite concentrations

Shear speed (rpm)
Bentonite
concentration (g/1) 3 6 100 200 300 600
40 1.6 1.8 7.0 9.9 12.2 18.0
50 1.8 1.9 8.8 12.0 14.6 21.9
60 4.0 4.1 9.1 12.9 15.8 233
70 9.4 9.6 214 28.1 33.5 46.4
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Table 4. Rheological properties of slurries with various bentonite concentrations

Bentom‘ge Apparent viscosity ~ Plastic viscosity  Yield point  Yield strength
concentration
(mPa-s) (mPa-s) (Pa) (Pa)
(g

40 17.6 5.7 6.4 1.6
50 21.4 7.2 7.3 1.8
60 22.8 7.4 8.3 4.1
70 454 12.7 20.6 9.4

20 300 rpm . 300 rpm N

18

164 Plastic viscosity

14; = (Ts00~Ta00) (Yso0Va00)

" Apparent Viscosity = Tg, /70,

=
8
- 6 P
's
E A
s ] -
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e 0 200 400 600 800 1000 1200
Shear rate y(1/s)

Fig. 3. Interpretation of data from a rheometer test for a bentonite concentration of 40 g/1

A value of 60 g/l was adopted as the bentonite concentration of the basic water—bentonite slurry
due to the minimum yield strength requirement for suspending the sand. This was estimated
using:

2
7, =0.7—d, (7, —»
' 3r ( o) (2)

b

where ds and ys are the mean diameter and specific weight of the sand particles, respectively,
and yy is the specific weight of the bentonite slurry (datasheet; Leutert, 2016). This formula was
used for the experiments by Xu and Bezuijen (2019b). For the fine sand (mean diameter
190 pm), the required minimum shear strength of the slurry is 0.5 Pa. In this study, all the

bentonite concentrations met this requirement (see Table 4). As a slurry with a low bentonite
8
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concentration will lead to a very deep infiltration, the amount of slurry added to the
experimental system may be insufficient. A relatively high bentonite concentration (60 g/l) was

therefore adopted in the tests of Series 2.

2.2. Experimental equipment and procedure

The details of the experimental equipment and procedure are as described by Xu and Bezuijen
(2019a, 2019b). This system imposes flow velocities that are comparable to what could be
expected at the front of a 6-m-diameter slurry shield (~2 x 107> to 5 x 107> m/s). Herein, only
the modifications to the system are described. As Fig. 4 shows, in the modified system, the
poly(methyl methacrylate) cylinder consists of two parts that are connected by a flange. This

makes it possible to extract the slurry-infiltrated sand sample from the apparatus.

In the experimental procedure, a porous stone is placed beneath the small cylinder at the bottom
of the lower cylinder, and this allows water to flow but blocks the movement of sand particles.
The lower cylinder is filled to the top with sand to a total length of 350 mm, including 50 mm
in the small cylinder. A 300-mm-thick layer of slurry is then poured into the upper cylinder onto
the surface of the sand column. According to Xu and Bezuijen (2019a), the equivalent length
of a homogeneous sand column is:

2
Dl Dl2 Dl
=L, + =+ +=2--1
N I =

3)
where Lsi (Ls2) is the length of sand column in the large (small) cylinder, and D (D») is the

inner diameter of the large (small) cylinder. For an applied air pressure of 50 kPa, the hydraulic

gradient over the sand sample in this system is i = Ap/Ls = 5.0 m/3.6 m = 1.4.
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Fig. 4. Schematic of the apparatus for infiltration tests: x is the infiltration distance at any
time, ¢ is the piezometric head at the outlet, ¢o is the piezometric head at the surface of

the sand column, and ¢1 is the piezometric head at the place where the slurry front reaches

Four VJ Tech VJT0250 pore-water pressure transducers (PPTs) with a pressure range of 0 to
1 MPa were installed in the taps on the cylinder to measure the pore-water pressure in the slurry
and the sand. The PPT labelled K1 was positioned 10 mm above the slurry-sand interface,
while K2, K3, and K4 were located at 20, 50, and 80 mm below the slurry—sand interface,

respectively.

In Series 2, after making the same 60 g/l bentonite slurry as in Series 1, fine sand (<0.425 mm)
was added to the slurry and mixed in a low-speed mixer for 5 min. The amounts of slurry and
sand for the four densities of slurry are summarised in Table 5. Each test lasted 1h
(corresponding to the excavation time for a single ring) and was started by opening the water-
discharge valve. Throughout the tests, the amount of discharged water was measured
continuously with an electronic balance, and the pore-water pressures at different depths were

measured once every second using the PPTs. After each test, the flange was loosened, and the

1



168  remaining slurry was removed. A thin-walled steel cylinder with an inner diameter of 38 mm
169 was used to penetrate the slurry-infiltrated sand, and a 100-mm-thick sand sample was
170  extracted. This sample was then divided into five 20-mm-thick sections (Fig. 5). The water

171  content of each piece was determined by drying it in an oven at 105°C.

(©) (d)
172 Fig. S. Procedure for sampling the slurry-infiltrated sand: (a) thin-walled steel cylinder

173  penetration device; (b) penetrating the sand and extracting the sample; (c¢) pushing out

174  the sample; (d) cutting off a 20-mm-thick sample
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Table 5. Proportions of slurry mixture components

Test No. Density (kg/m?) Water (kg) Bentonite (kg) Sand (kg)
FS/MS/CS-40 1025 1000 40 0
FS/MS/CS-50 1031 1000 50 0
FS/MS/CS-60 1037 1000 60 0
FS/MS/CS-70 1041 1000 70 0

CS-1037 1037 1000 60 0

CS-1100 1100 1000 60 110

CS-1300 1300 1000 60 530

CS-1500 1500 1000 60 1090

3. EXPERIMENTAL RESULTS
3.1. Infiltration distance
3.1.1. Water—bentonite slurry

Figure 6 shows the infiltration distances against the square root of time, measured during Series
1, for the different sand types and bentonite concentrations. The actual infiltration distance was
not directly measured; instead, the infiltration distance x was calculated using the measured

volume of the water discharged from the sand column:
\Y
X=—-, 4
A 4

where V is the water volume discharged from the sand column, # is the porosity of the saturated
sand, and 4 is the cross-sectional area of the sand column in the large-diameter cylinder. The
final infiltration distance is the calculated value after 1 h of infiltration. The calculated values
are slightly larger than the observed values. According to Xu and Bezuijen (2019), ‘infiltration’

is defined as the replacement of the original pore water with the slurry (water and bentonite
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particles) rather than the visually observed slurry front; the water front moves somewhat faster

than the slurry front, and the latter will thus be behind than the former.
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Fig. 6. Infiltration distance against the square root of time for the different sand types and

bentonite concentrations

For tests FS-40, FS-50, FS-60, FS-70, MS-60, and MS-70, the mud spurt and filter cake
formation stages were clearly distinguishable. For tests MS-40, MS-50, CS-40, CS-50, CS-60,
and CS-70, most slurry had infiltrated into the sand within 15 min. For these cases, each test
was stopped once all the slurry had infiltrated into the sand. With a longer sand column and
more slurry, the infiltration distances are expected to be longer. It appears that the infiltration
distance decreases with the bentonite concentration for the fine and medium sand. For the

coarse sand, the infiltration distances within 100 s were almost the same for different bentonite
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concentrations because the total flow resistance during mud spurt is dominated by the flow
resistance for the out flowing water of the small cylinder. When filter cake formation starts, the
flow resistance of the cake becomes dominant. Furthermore, greater infiltration distances were

observed for the medium and coarse sands than for the fine sand.

From Fig. 7, it can be seen that the amount of bentonite that reached the layer 20 mm below the
surface of the fine sand was limited. The top 20-mm sample taken from the fine sand stood like
a soil block (upper left sample in Fig. 7a), but the samples from greater depths (20 to 100 mm)
collapsed. It seems that the interparticle interactions beyond a depth of 20 mm were not
enhanced by the bentonite. For the medium and coarse sands, the samples from both the surface
(top 20 mm) and greater depths (20 to 100 mm) stood like soil blocks. This indicates that, even

below 20 mm, the sand particles were bound to the bentonite.

Figures 8 and 9 contain SEM images showing the microscale structures of the dry slurry-
infiltrated sand. These indicate that the individual sand particles are bound by the bentonite
film. Clearly, during infiltration, some of the channels between the sand particles will become
blocked by the bentonite particles. A comparison between the water-content values of the slurry-
infiltrated sand gives additional evidence for this. As Fig. 10 shows, the water-content values
of the fine sand at depths from 20 to 100 mm are greater than those for the medium and coarse
sands. In all cases, the water-content value is greater for the top layer (0 to 20 mm) because the
surface filter cake has not been removed and the amount of water inside it is relatively large.
This indicates that the void ratio of the slurry-infiltrated fine sand is larger than those of the
slurry-infiltrated medium and coarse sands; the bentonite particles infiltrate further into the

pores of the medium and coarse sands than those of the fine sand.
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239  sand types (60 g/l water—bentonite slurry)
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3.1.2. Water—bentonite—sand slurry

Fig. 11 shows the infiltration distances for the infiltration of water—bentonite—sand slurry into
the coarse sand column. It was found that no filter cake was formed for a high slurry density
(>1300 kg/m?). This is comparable to the result of water—bentonite—sand slurry infiltration into
fine sand reported by Xu and Bezuijen (2019b). The data in Fig. 11 can also be used to plot the
flow velocity, as shown in Fig. 12. The flow velocity during infiltration of the water—bentonite
slurry was faster than that of the water—bentonite—sand slurry. When a filter cake is formed, the
flow velocity is extremely slow and decrease with the square root of time. Compared to the
water—bentonite slurry, the additional sand particles in the water—bentonite—sand slurry will be
embedded in the filter cake and hence the flow resistance will be larger. Therefore, the
infiltration velocity for the water—bentonite slurry was found to be greater than that for the

water—bentonite—sand slurry.
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Fig. 11. Infiltration distances into coarse sand against the square root of time for slurries

of various densities containing fine sand

After test CS-1300, the mixture remaining on the sand surface was taken out and washed using

pure water, and this was then dried for 24 h at 105°C in an oven. It was found that 56% of the
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weight of the fine sand added to the slurry had been lost. This means that the fine sand particles
did indeed travel with the infiltrating slurry into the pores of the sand column. This is in contrast
to the results of Xu and Bezuijen (2019b), because in their experiments the sand particles in the
slurry had the same diameter as the sand particles of the sand column, and infiltration of the
sand particles from the slurry into the sand column was thus not possible. This phenomenon

was not captured in the SEM tests; further evidence is still needed.
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Fig. 12. Flow velocities in the coarse sand against the square root of time for slurries of

various densities containing fine sand

3.2. Hydraulic conductivity of sand for slurry
The local hydraulic conductivity value of sand for slurry can be determined from the measured
flow rate under set flow conditions using Darcy’s law:

ALQ

" (A Ty A ®)

where ALs is the thickness of sand between two adjacent PPTs, Q is the discharge, Ap” is the

corresponding difference in pore pressure over the sand between two adjacent PPTs, y, is the
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specific weight of the slurry, and 4 is the cross-sectional area of the sand column in the large-

diameter cylinder.

The difference in pore-water pressure over two adjacent PPTs (K1-K2, K2-K3, or K3—K4) can
be obtained from the measurements. For example, Fig. 13 shows the difference in pore-water
pressure for the test FS-60. The thicknesses of the sand between K1 and K2, K2 and K3, and
K3 and K4 are 20, 30, and 30 mm, respectively. The cross-sectional area of the sand column
the large-diameter cylinder is 5027 mm?. The values of Q can be derived from Figs. 6 and 11.

The hydraulic conductivity values can then be calculated from equation (5).

60 -
504 r'-p‘.mﬂﬂ"—‘ﬂh.-.l_n__m.l.-l.-n T

40

30 1

20+

Pressure difference: kPa

Time: s

Fig. 13. Pressure differences between pairs of PPTs with infiltration distance (FS-60)

Fig.14 shows the hydraulic conductivity values of the fine sand for slurries with various
bentonite concentrations. During mud spurt, the arithmetic mean value of the hydraulic
conductivities was between 2.0 x 107® and 2.0 x 10~ m/s, which is comparable to the results
obtained by Xu and Bezuijen (2019a, 2019b, 2019c). This period is less than 2 min. Within this
time, the infiltration distance accounted for more than 90% of the final infiltration distance.
From Figs. 15 and 16, it can be seen that, during mud spurt, the arithmetic mean values of the

hydraulic conductivities were approximately 1.5 x 107 to 6.0 x 107> m/s and 6.0 x 107 to



289 4.0 x 10* m/s for the medium and coarse sands, respectively. Once a filter cake was formed,
290  the hydraulic conductivity value close to the sand surface rapidly dropped to less than 1077 m/s

291  for all tests.
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294  Fig. 14. Hydraulic conductivity values of the fine sand for slurries with different bentonite

295  concentrations
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298  Fig. 15. Hydraulic conductivity values of the medium sand for slurries with various

299 Dbentonite concentrations
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302  Fig. 16. Hydraulic conductivity values of the coarse sand for slurries with various

303  bentonite concentrations

304  The hydraulic conductivity values of the coarse sand for slurries of various densities are plotted
305 in Fig. 17. Fluctuations in the curves may have been caused by measurement errors in the
306  discharge or pressure; at the stage, the discharge and pressure changes are extremely small, and
307  errors may thus occur. For water—bentonite—sand slurry, the hydraulic conductivity decreases
308  gradually with the infiltration. Compared to the sand infiltrated by the water—bentonite slurry,
309  alower hydraulic conductivity was found for the sand infiltrated by the water—bentonite—sand
310  slurry. This indicates that, in a coarse sand, the fine sand particles infiltrating with the slurry

311  reduce the hydraulic conductivity of sand on the tunnel face during tunnelling.
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Fig. 17. Comparison of hydraulic conductivity values of coarse sand for water—bentonite
slurry (1037 kg/m®) and water-bentonite—sand slurries with various densities:

(a) 1100 kg/m3; (b) 1300 kg/m?; (¢) 1500 kg/m?

3.3. New solution of infiltration distance during mud spurt for water—bentonite—sand slurry

Xu and Bezuijen (2019b) proposed a formula to predict the infiltration distance against time for

the infiltration of water—bentonite slurry:

1%
ax_ok T (6)
at " L+ -°X

*k

b

where x is the infiltration distance at any time (¢), ¢o is the piezometric head at the surface of
the sand column, % is the hydraulic conductivity of sand for water,  is the porosity of the sand,
x is the infiltration distance at any time, L is the maximum infiltration distance, Ls is the
equivalent length of the sand column, and 4y is the hydraulic conductivity of sand for the

bentonite slurry. For the boundary condition x = 0 at # = 0, this leads to:

t:_n_t{[ts—ugJ.n[l_z]H[i_iﬂ. o
?, k. k, L k, K
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It is noted that the maximum infiltration distance (L) has to be determined by an infiltration test

rather than using the formula proposed by Krause (1987):

Apdlo
Ty (8)

L=

where Ap is the pressure drop over the sand column, dio is the grain diameter at the point in the
PSD at which 10% of the grains are finer than this diameter, « is a fitting factor (2 <a <4), and

7y 1s the yield strength of the slurry.

The maximum infiltration distance is determined by the yield strength of the slurry and the
diameter of the channel for slurry flow. Although Krause (1987) proposed a formula to predict
the infiltration distance, this does not consider the effect of filter cake formation. Talmon et al.
(2013) and Xu and Bezuijen (2019b, 2019¢) showed that the maximum infiltration distance
calculated using equation (8) is considerably larger that the measured infiltration distance. A
better formula is thus needed to accurately predict the maximum infiltration distance with

consideration of the filter cake.

Xu and Bezuijen (2019b) showed that for a high-density slurry containing sand particles, there
is no apparent maximum infiltration distance within 1 h. Equation (7) was proposed for the
infiltration with the formation of an external filter cake, and it therefore cannot be used to

estimate the infiltration distance for water—bentonite—sand slurry.

Recently, Bezuijen (2019) proposed a formula to describe the infiltration of water—bentonite—

sand slurry for a situation in which there is no maximum infiltration depth:

k
ok L ©)
dt n k
L+-°X
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This formula is the same as equation (6), but it assumes that x << L. For the boundary condition

x =0 at ¢ = 0, this results in:

2
X = L;(kb{ 1+2kksl_s2 ot —1}, (10)
n
b

S

Table 6 gives the values of the input parameters for the infiltration tests of 1500 kg/m> water—
bentonite—sand slurry into coarse sand (Case 1, this study) and the infiltration tests of
1500 kg/m? water—bentonite—sand slurry into fine sand (Case 2, Xu and Bezuijen 2019b). The
values of &y are assumed to be the arithmetic mean values of hydraulic conductivity for slurry.
Fig. 18 shows that the calculated results match the experimental results well for both cases. In
this figure, the infiltration distances were calculated from the water discharge. Visual
observations of the slurry showed slightly less infiltration. This calculation was made for two
model tests, but it can nonetheless be directly compared with the results from a real tunnel

because the pressure gradients in the soil are similar.

Table 6. Values of input parameters for the new solution of infiltration distance during

mud spurt
Parameter Ls (m) ko (m/s) ks (m/s) n(-) @o (m)
Case 1 3.6 2.0x107° 5.7 %1072 0.41 5
Case 2 3.0 1.0x10°° 3.0x107* 0.37 5
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Fig. 18. Comparison of experimental and calculated results for the infiltration distance

against time for water—bentonite—sand slurry

4. CONCLUSIONS

A small modification was made to the experimental system used by Xu and Bezuijen (2019a,
2019b) to allow the slurry-infiltrated sand to be easily removed for visual observation and SEM
imaging. Two series of experiments on bentonite slurry infiltration into saturated sands were
conducted using this modified system. Series 1 and 2 were carried out with water—bentonite
slurry and water—bentonite—sand slurry, respectively. A new solution proposed by Bezuijen
(2019) was used to predict the infiltration distance during mud spurt for the water—bentonite—
sand slurry as a function of time. From analysis of the experimental results and the microscale

structures of the dried slurry-infiltrated sand, the following conclusions can be drawn.

For infiltration of water—bentonite slurry into fine sand, the external filter cake formed on the
sand surface impedes the infiltration into the deeper sand layer. As a result, the slurry-infiltrated
layer that is formed in front of the tunnel face is extremely thin, only approximately 20 mm.
This is dangerous for the tunnel face because a filter cake with such a thin slurry-infiltrated
layer is vulnerable to damage when considering the cutting depth of the cutting tools (Zizka,

2019). For infiltration of water—bentonite slurry into medium and coarse sands, the hydraulic
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conductivity of sand for slurry is also significantly reduced, but the infiltration distance is much

greater, reaching about 300 mm in 1 h.

For infiltration of water—bentonite—sand slurry into coarse sand, the infiltration distance is
comparable to the results of the infiltration of water—bentonite slurry. Additional sand particles
in the water—bentonite—sand slurry will be embedded in the filter cake, leading to a lower

hydraulic conductivity of the filter cake for slurry.

In the SEM images, a bentonite film can be seen among the sand particles, and the sand particles
are tightly bound to this bentonite film. This indicates that some of the channels for fluid flow
in the sand are blocked by the bentonite particles adhered to the sand particles, and the hydraulic

conductivity of the sand for slurry is thus reduced.

The new solution for the infiltration distance during mud spurt proposed by Bezuijen (2019)
matches the experimental results well for the infiltration of water—bentonite—sand slurry in
cases where there is no maximum infiltration depth within the limits of the experiment or the

limits of ring building in a real tunnel.
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NOTATION

A cross-sectional area of sand in large-diameter cylinder (m?)

cv consolidation coefficient of the bentonite slurry (m?/s)



401  d hydraulic pore diameter (m)

402  djo grain diameter for which 10% is finer than (mm)

403  ds mean diameter of sand (m)

404  Di, D> diameter of the large cylinder and small cylinder, respectively (m)

405 i hydraulic gradient

406  kp hydraulic conductivity of sand for bentonite slurry (m/s)

407 ks hydraulic conductivity of sand for water (m/s)

408 L maximum infiltration distance (m)

409  Lsequivalent length of sand column (m)

410 L length of sand column in the large cylinder (m)

411 Ly length of sand column in the small cylinder (m)

412  n porosity of saturated sand

413  Pe Peclet number

414  Q discharge (m?)

415  ttime (s)

416 v, pore fluid velocity (m/s)

417  V water volume discharged from the sand column (m?)

418 x infiltration distance at any time (m)



419

420

421

422
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425

426
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428

429

430

431

432

433

434

435

436

437

a fitting factor 2 < a <4)

ys specific weight of sand particle (N/m?)

b specific weight of bentonite slurry (N/m?)

@o piezometric head in the slurry (m)

zr yield strength of fluid (Pa)

7y yield strength of slurry (Pa)

Ap pressure drop over sand column (Pa)

Ap’ pressure drop between two adjacent PPTs (Pa)

Ag piezometric head in bentonite slurry (m)
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