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Abstract

Parameters of foam penetration in earth pressure balance (EPB) shield tunnelling, such as permeability coefficients and penetration
distances, significantly impact tunnel face stability. However, existing studies have faced inaccuracies in analysing these parameters due
to imitations in experimental methods. This study addresses this issue by employing enhanced methods for a more precise analysis of
foam penetration. Experiments involving three distinct sand types (coarse, medium, and fine) and three foam expansion ratios (FER)
(10, 15, and 20) are conducted using a modified model test setup. Benefiting from a novel computer vision-based method, the model test
outcomes unveil two distinct foam penetration paths: liquid migration (Lw) and bubble migration (Lf). Three penetration phases —
namely, injection, blockage & drainage, and breakage — are identified based on Lw and Lf variations. The initial ‘‘injection” phase con-
forms to Darcy’s law and is amenable to mathematical description. The foam with FER of 15 has the maximum viscosity and, hence the
Lf and permeability in the penetration tests with FER of 15 are the lowest in the same sand. The bubble size distribution of foam with
different FER shows minor differences. Nevertheless, the characteristics of foam penetration vary due to the distinct particle size distri-
bution (PSD) of different sands. Foam penetration creates low-permeability layers in both medium and fine sands due to the larger bub-
ble size of the foam compared to the estimated pore sizes of medium and fine sands. While the coarse sand results in a different situation
due to its large pore size. The distinctive characteristics of foam penetration in different sand strata are notably shaped by FER, PSD,
and pore size distributions. These insights shed light on the complex interactions during foam penetration at the tunnel face, contributing
valuable knowledge to EPB shield tunnelling practices.
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1 Introduction

Earth pressure balance (EPB) shield tunnelling machine
is widely used in tunnel excavation under various geologi-
cal conditions (Herrenknecht et al., 2011). However, due
to the uncertainty of geological conditions, various prob-
lems are often encountered in the process of shield tun-
nelling. Specifically, in cohesion soil deposits that are rich
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in clay minerals, clogging of the cutter head and tools is
the most frequent problem affecting shield tunnelling
(Wang et al., 2020; Zumsteg & Puzrin, 2012). On the con-
trary, in the cohesionless sandy stratum, water spewing
from the screw conveyor and the wear of the cutter and
tools often occur during excavation (Wang et al., 2020;
Zhou & Yang, 2020). To overcome these problems in shield
tunnelling, it is required to add soil conditioner to tem-
porarily modify the soil properties such as permeability
and flow plasticity of the cohesionless soils and adhesion
of the cohesion soils. Water, foam, polymer, and slurry
are the commonly used soil conditioner to this end
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(Herrenknecht et al., 2011; Thewes & Budach, 2010;
Budach & Thewes, 2015).

Among all kinds of soil conditioners, foam is the most
acceptable one in EPB tunnelling crossing various strata
due to its universal applicability. On the one hand, the
addition of foams could lead to decreased stickiness and
adhesion during the excavation process in sticky soil
(Zumsteg & Puzrin, 2012; de Oliveira et al., 2019, Todaro
et al., 2022). On the other hand, foam is verified to benefit
the anti-permeability, flowability, compressibility, and
workability of excavated soil (Lee et al., 2022; Hu et al.,
2020; Huang et al., 2019; Mori et al., 2018), particularly
sandy soil. Benefits from the development of soil condition-
ing technology with foam, the EPB shield has been success-
fully applied to tunnelling in granular soil strata rich in
groundwater (Herrenknecht et al., 2011).

Although numerous studies have been conducted to
investigate the properties of the foam (Wu et al., 2018)
and foam-conditioned soil (Zumsteg & Puzrin, 2012;
Thewes & Budach, 2010; Hu et al., 2020; Huang et al.,
2019; Mori et al., 2018; Galli et al., 2021), only a few stud-
ies have focused on the intricate process of foam invasion
at the tunnel face and its impacts on tunnelling operations
(Bezuijen, 2012; Bezuijen & Schaminée, 2020). A simplified
model test by Maidl (1995) used a soil column to study the
penetration process of foam into saturated coarse soil. In
the test, the foam was pressurized to penetrate into the soil
column under a constant pressure head, and the expelled
water was recorded to analyse the penetration process. This
approach provides an ideal methodology to simulate the
interaction between groundwater expulsion and foam injec-
tion at the tunnel face. Galli (2016) conducted some pene-
tration tests after Maidl (1995) that involved 8 kinds of
sand to study the penetration behaviour of foam. It is
found that the penetration distance can be expressed by a
power-law equation through regression analysis (zp(t) = atb,
where zp(t) is the infiltration distance (cm); a and b are the
fitting factors; and t is the time (s)). Furthermore, a signif-
icant correlation of the fitting coefficient a is revealed with
both particle size and the mass-specific surface area of the
soil. Although the fitting results show an acceptable agree-
ment with the experimental results, the model lacks any
physical evidence to provide a sound description of the
processes. Also, the model tests were held for only 3 min.
To further study the mechanism of foam penetration, Xu
et al. (2022a, 2022b) used a modified set-up for testing
foam penetration into saturated Euroquarz S80 sand with
comparable hydraulic gradients as in field conditions.
Meanwhile, pore water pressure sensors were installed on
the set-up to get a general idea of the development of pore
pressure and local permeability. The tests were held for one
hour to study the penetration behaviour of foam with dif-
ferent foam expansion ratios (FER). Four stages (foam
spurt, water flow with reduced permeability, water flow
with increased permeability, and residual stage) were iden-
tified based on the penetration process. The penetration
behaviour was found to depend on the FER and the driven
pressure head. Also, it was shown, an impermeable layer
that functioned like an inter cake in the slurry shield tun-
nelling was formed during the penetration.

Generally, it is believed that the foam moves through
the soil with a planar front and expulses the pore water
completely during foam penetration (Maidl, 1995). How-
ever, Maidl (1995) found that the penetration distance esti-
mated by the expelled water is greater than that measured
by the foam front, which is also observed in other works
(Xu et al., 2022a, 2022b; Zheng et al., 2021). That means
there are two different migration fronts in the soil void.
Correspondingly, the measured penetration distance of
the foam bubbles (Lf) and the estimated penetration dis-
tance of the liquid component (Lw) were different at the
end of the test. The potential explanation for this difference
stems from the additional water content resulting from
foam degradation. Unfortunately, those previous studies
(Xu et al., 2022a, 2022b; Zheng et al., 2021) only focused
on tracking Lw over time by measuring the expelled water.
The neglect of Lf may lead to a misunderstanding of the
foam penetration process.

This research is expected to improve the understanding
of the mechanism of foam penetration in front of the tun-
nel face. The modified test approach by Xu et al. (2022a,
2022b) is chosen to perform the foam penetration experi-
ments. Three kinds of sand (Coarse, Medium, and Fine)
and three foams with FER (10, 15, 20) are adopted in
the experiments. Soil particle size distribution, foam bub-
ble size distribution, and foam viscosity are measured as
potential influencing factors to assess their effects on the
foam penetration process. In addition, this research pro-
poses a computer vision-based method to identify foam
bubble penetration distances (Lf) through Python code.
Benefiting from the innovation of this method, the pene-
tration process can be preliminarily learned based on the
variations of Lf and Lw. Finally, the penetration charac-
teristic will be further studied by considering the penetra-
tion distances, pore water pressure, and permeability. The
outcomes of this research are believed to give cutting-edge
viewpoints on foam penetration in EPB shield tunnelling.
2 Materials and methods

2.1 Materials

2.1.1 Foam
A foam generator (Model M4N, Condat, France) is

used to produce the foam for the experiments. The surfac-
tant used in the production of foam is Condat CLB F5/M,
which is recommended to be used in mixed-grained soils
with high permeability, at a concentration of 3%. Three dif-
ferent foams with FER of 10, 15, and 20, by referring to the
FER range recommended by previous studies (Xu et al.,
2022a, 2022b; Zheng et al., 2021), are adopted to study
the effect of FER on foam penetration. The abbreviation
‘‘FER x” in this paper refers to foam with a FER of x.
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The properties of foams used in the current study are
described in Fig. 1.
Fig 1. (continued)

Fig. 1. Properties of foam with different FER. (a) Decay curve, and (b)–
(d) viscosity.
As shown in Fig. 1(a), the decay curve of foams is used
to describe the stability of the foams with different FER.
The half-life of the foam, namely the time taken when
the normalized residual foam solution in the foam drops
to 1/2, shows an increasing trend with the increase of
FER. Foam with high FER is more stable, whereas foam
with low FER is more prone to discharge liquid compo-
nents. The foam viscosity (see Fig. 1(b) to (d)) is measured
by a rheometer (RheoVADR, Fann Instrument Company,
USA). As observed in Fig. 1, the apparent viscosity is
decreasing with an increase in the shear rate at all FER.
The viscosity test results reveal that the foam is a non-
Newtonian fluid and can be classified as a shear-thinning
fluid. In addition, FER also has an important influence
on apparent viscosity. The FER 15 exhibits the largest
apparent viscosity, with a range from 900 to 49 mPa∙s at
varying shear rates from 5 to 1021 s�1. While the apparent
viscosity ranges of FER 10 and FER 20 at the same shear
rate range are 790 to 45 mPa∙s and 660 to 47 mPa∙s, respec-
tively. Similar findings were also reported in a previous
study on foam materials conducted by Bashir et al.
(2022). Both results indicate a positive correlation between
the apparent viscosity of the foam and FER (or foam den-
sity) within a certain range, after which the viscosity
decreases.

Also, to explore the effect of FER on the bubble size dis-
tribution and further clarify its role in the penetration test,
the bubble size distribution is measured by microscopy
(Jing et al., 2017). Figure 2 shows the microstructure of
foam bubbles with each FER at a certain scale. The Cap-
ture2.0 software is used to measure and count the bubbles’
size by analysing the photos taken by the microscope at dif-
ferent points of the foam samples with each FER. The
diameter of each bubble is used to present the bubble’s size.
The particle size distribution (PSD) curve of foam bubbles
(see Fig. 3(b)) is expressed by the correlation between the
bubble size fraction and volume fraction. It is worth noting
that the value of bubble size in Fig. 3(b) is revised based on



Fig. 2. Microscopic morphology of foam bubbles with FER of (a) 10, (b)
15, and (c) 20.
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the pressure conditions of the penetration test. The value of
bubble size is considered to reduce by about 1.14 times (in
diameter) compared with the measured value. This is due
to the approximate 1.5 times reduction of the bubble vol-
ume in the experiment condition with 1.5 times the atmo-
spheric pressure according to Boyle’s law (Zheng et al.,
2022). As shown in Fig. 3(b), the bubble size of foams is
distributed from 0.02 to 0.83 mm. And the bubble size of
foams with different FER is similar but slightly increases
with the increase of FER. The d50 (median particle size)
of FER 10, FER 15, and FER 20 are 0.41, 0.41, and
0.45 mm, respectively.

2.1.2 Sand

In this study, three kinds of sand, namely fine, medium,
and coarse sand are utilized to represent three different soil
strata. The PSD curves of the sands are shown in Fig. 3
together with the PSD curves of foam bubbles and the esti-
mated pore size distribution curves of the sands. The d50 of
fine, medium, and coarse are 0.17, 0.65, and 1.41 mm,
respectively. The pore size distribution curves are obtained
from the PSD curves of the sand by using the traditional
model described in the research work conducted by
Chang and Cheng (2018).

2.2 Experiments

2.2.1 Grouping

In this research, a total of nine set of tests are conducted
to investigate the influences of FER and soil PSD on foam
penetration. The experimental groups are named based on
the materials utilized (as shown in Table 1), with sand types
and FER values serving to distinguish different tests.

2.2.2 Set-up and test procedure

A custom acrylic cylindrical set-up (as shown in Fig. 4)
is used in the current research to model the penetration
process of foam into saturated sand in the EPB tunnelling.
This setup references the design of Xu et al. (2022a, 2022b).
Figure 4(a) shows the schematic diagram of the setup used.
Seven pore pressure sensors (VJ Tech, UK), namely K1 to
K7, are installed on the acrylic cylinder to measure the
pressure head in the sand column and foam. As shown in
Fig. 4(a), adjacent sensors mounted on the cylindrical wall
are staggered vertically to minimize the interaction of adja-
cent sensors’ installation and measurement. The vertical
distances between K1, K2, K3, K4, K5, K6, and K7 are
20, 20, 20, 40, 40, and 50 mm, respectively. During the
tests, the sand sample is filled into the cylindrical set-up,
and the top of the sand is placed on the middle plane of
the K1 and K2 sensors. It is worth mentioning that the
water sedimentation method was used to compact sand
samples layer by layer in the experiments to make the sand
samples saturated. The saturated sand column, as shown in
Fig. 4(a), consists of a large section of 300 mm in length
and 80 mm in diameter and a small section of 45 mm in
length and 8 mm in diameter. According to Xu and
Bezuijen (2019a), the sand column’s equivalent length
(Ls) is 4.98 m. When a 50 kPa pressure is applied, the
hydraulic gradient across the sand column is i = u/Ls =

5 m/4.98 m � 1. This is comparable to the hydraulic gradi-
ent in engineering as described in previous works (Bezuijen
et al., 2020). The parameters of the sand column such as
porosity and permeability are also measured during the
sand column preparation (see Table 2).

Upon completion of the preparation of the saturated
sand column, the outlet at the bottom of the apparatus



Fig. 3. (a) Particle size distribution of sands, and (b) estimated pore size distribution of sands along with bubble size distribution of foam.

Table 1
Grouping of tests with various sands and FER.

FER Sand

Fine Medium Coarse

10 F-10 M-10 C-10
15 F-15 M-15 C-15
20 F-20 M-20 C-10
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should be opened to facilitate the discharge of any surplus
water that may be present above the column. Once the
excess water has been removed, the outlet can be closed.
A layer of foam, about 400 mm in thickness, is then filled
over the sand column. It is important to note that all foams
utilized in the experiments are generated under atmo-
spheric conditions. Additionally, all FER values presented
in this study are representative of FER values obtained
under atmospheric conditions. The constant air pressure
of 50 kPa is applied over the foam via a pressure controller
then. The penetration test start by opening the bottom out-
let. The foam then penetrates the saturated sand driven by
the 50 kPa excess air pressure. Pore pressure and discharge
are recorded by the pore water sensors and the digital scale
with a time interval of 1 s, respectively. During the test, a



Fig. 4. (a) Schematic diagram, and (b) physical picture of the set-up used in this study.

Table 2
Summary of properties of foam and sand during the tests.

Test No. d50 of sand
(mm)

d50 of the pore
(mm)

d50 of foam
(mm)

kw
(cm/s)

kf
(cm/s)

kmin

(cm/s)
Maximum Lf

(cm)
Maximum Lw

(cm)
Test time
(s)

F-10 0.17 0.05 0.41 0.04 – 6.1 � 10�6 12.1 19.5 3600
F-15 0.17 0.05 0.41 0.04 – 5.2 � 10�6 10.2 15.6 3600
F-20 0.17 0.05 0.45 0.04 – 5.3 � 10�6 10.3 12.4 3600
M-10 0.65 0.20 0.41 0.20 1.5 � 10�3 1.1 � 10�5 15.3 22.5 3600
M-15 0.65 0.20 0.41 0.20 1.0 � 10�3 8.7 � 10�6 15.2 20.0 3600
M-20 0.65 0.20 0.45 0.20 1.6 � 10�3 8.3 � 10�6 16.9 21.2 3600
C-10 1.41 0.42 0.41 0.35 5.0 � 10�3 – 25 25 73
C-15 1.41 0.42 0.41 0.35 4.8 � 10�3 – 25 25 88
C-20 1.41 0.42 0.45 0.35 5.5 � 10�3 – 25 25 69
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camera is employed to capture video footage of the pene-
tration progress for later analysis. The test is conducted
for a duration of 1 h, or alternatively, is terminated when
the penetration distance reached the maximum monitoring
distance of 25 cm.
2.3 Data analysis

2.3.1 Novel computer vision-based method for analysing

penetration distance

In previous papers (Xu et al., 2022a, 2022b; Zheng et al.,
2021), penetration distance, as an important parameter for
penetration characteristics, is normally estimated by the
expelled water discharge through the following equation:

Lw ¼ V =ðnAÞ; ð1Þ
where Lw is penetration distance estimated by discharge
(liquid migration) (cm); V is the total volume of discharge
(cm3); n is the porosity of the soil column; and A is the
cross-section area of the soil column (cm2).

However, the estimated flow front is believed to be fur-
ther away from the foam bubbles front during penetration
(Maidl, 1995). This is attributed to foam degeneration
which leads to the separation of air bubbles and liquid.
This study proposes a novel computer vision-based method
of identifying and recording bubble penetration zone and
distances through Python code.

The flowchart of the method is shown in Fig. 5. Since
bubble penetration can cause changes in soil colour, as
shown in Fig. 5, the penetration area can be identified by
computer vision methods. Firstly, extract the region of
interest (ROI) in the video taken by the camera. Then,
use the Python code to extract frames from the processed
video at a rate of one frame per second and save them in
a collection of frames. For each frame in the collection,
additional processing is conducted utilizing the OpenCV
library in Python. This involves applying grey scaling and
thresholding operations to identify the penetration area
through the threshold image. Subsequently, the ‘‘Contour”
technique is utilized to generate a large contour outlining
the broad discoloured area resulting from foam penetra-
tion. This approach ensures that the noises generated by
sand particles are also enclosed within the contours,
thereby minimizing errors stemming from such noises.



Fig. 5. Flow chart for calculating Lf by the computer vision-based method.
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Finally, the code captures an image displaying the contour
of the penetrated area and generates the ratio of the con-
tour length to the length of the ROI. The bubble penetra-
tion distance can then be calculated from the formula
below:

Lf = LROI � RL, ð2Þ

where Lf is the foam bubbles penetration distance (bubble
migration) (cm); LROI is the length of ROI (cm); and RL is
the ratio of the contour length to the length of the ROI
(outputted by the code).
2.3.2 Permeability

Local permeability between two adjacent sensors,
according to the definition of hydraulic conductivity, can
be calculated by the following formula:

kðnÞ�ðnþ1Þ ¼ QLn

½uKðnþ1Þ � uKðnÞ�A
; ð3Þ

where kðnÞ�ðnþ1Þ is the local hydraulic conductivity (cm/s)
between sensor K(n + 1) and K(n); Ln is the length of the
soil column between sensor K(n + 1) and K(n) (cm);
uKðnþ1Þ is the pore pressure measured by sensor K(n + 1)

(kPa); uKðnÞ is the pore pressure measured by sensor K(n)

(kPa); Q is the discharge (cm3/s); and A is the cross-
section area of the soil column (cm2).

Meanwhile, the overall permeability of the penetrated
zone can be calculated from the equation below:

ko ¼ QLf

ðu0 � u1ÞA
; ð4Þ

where ko is the overall hydraulic conductivity of the pene-
trated zone (cm/s); Lf is the penetration distance (cm); u0 is
50 kPa; u1 is the pore pressure at the foam flow front (kPa);
Q is the discharge (cm3/s); and A is the cross-section area of
the soil column (cm2).
3 Results and discussion

3.1 Penetration distance

Figure 6 shows the relationship between penetration dis-
tances over time. The legends in the figures represent the Lf

or Lw in the tests of the different groups (see Table 1). For
example, F-10- Lf represents the Lf for the test with FER
10 in fine sand. As shown in Fig. 6(a), the foam penetration
process for foams with the same FER of 10 into three dis-
tinct types of sand exhibits substantial variations. The pen-
etration distance of the coarse sand test rapidly reaches the
maximum monitored distance (25 cm) within a relatively
short timeframe of observation. The Lf remains consistent
with Lw throughout the entire penetration process. In the
initial phase of the medium sand test, a pattern similar to
that of the coarse sand test emerges, where Lf maintains
parity with Lw until the distance reaches approximately
8 cm. After that, Lf remains almost unchanged while Lw

continues to increase until the end of the test. In the fine
sand test, Lf and Lw exhibit alignment only within the ini-
tial distance range of 1–2 cm. Subsequently, Lf remains rel-
atively steady while Lw continues to increase. Finally, Lf

again keeps increasing at almost the same velocity as Lw

until the end of the test, that is, the slopes of the two curves
are almost equal. Comparing Fig. 6(a), (b), and (c), the
trend of test results with FER 15 and FER 20 is similar
to the results of the test with FER 10. The major difference
is that when the FER is increased, the foam moisture con-
tent is low and hence, the foam drainage is correspondingly
lower. Thus, the difference between Lw and Lf is smaller. In
addition, due to the different foam viscosity and bubble



Fig. 6. Variation of penetration distance with time in different tests with
FER (a) 10, (b) 15, and (c) 20.
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size, the penetration velocity, namely the slope of the curve,
is slightly different. In a fundamental assessment, it can be
deduced that the influence of FER on foam penetration
characteristic is less pronounced than the impact of the
sand type.

A simplified schematic diagram is proposed to explain
the process of foam penetrating into saturated sand to fur-
ther understand foam penetration characteristics. The dia-
gram use circles to represent the different sand and foam
materials, with the diameter of each circle relative to the
d50 of the corresponding material under a certain scale. This
approach facilitates a visual comparison of the size differ-
ences between the materials. Additionally, variations of Lf

and Lw are used as a feature to distinguish different penetra-
tion phases. As shown in Fig. 7, the penetration process is
separated into three phases, namely ‘‘injection”, ‘‘blockage
and drainage”, and ‘‘breakage”. Phase 1, called ‘‘injection”,
represents the foam injected in the saturated sand and
replaced the pore water equably. The characteristic of Phase
1 is that Lf equals Lw and vf equals vw. vf is the slope of the
curve for Lf, representing the velocity of the foam bubbles
migration, while vw is the slope of the curve for Lw, repre-
senting the velocity of the liquid migration. Phase 2, namely
‘‘blockage and drainage”, represents foam bubbles blocked
in the pore of sand. Then, the foam’s liquid component
drained under the pressure driven. This blockage phe-
nomenon can be attributed to the Jamin’s effect. The char-
acteristic of Phase 2 is that Lf is smaller than Lw and vf is
smaller than vw. In addition, vf is almost equal to 0 during
this phase. Phase 3, called ‘‘breakage”, represents bigger
foam bubbles blocked in the pore broken into smaller ones.
Under pressure, the unstable films of the bubbles in foam
easily break (Wang et al., 2021), causing the bubbles to
reform into smaller ones within the confined pores of sand.
Small foam bubbles can penetrate further into the sand
without draining the liquid component on the film. This
results in the velocity of the bubble migration front and
the liquid migration front being consistent again, without
being affected by blockage. Thus, the characteristic of Phase
3 is that Lf is smaller than Lw while vf is equal to vw.

Penetration tests in this study have one or more phases
depending on the sand type (as shown in Fig. 7). In coarse
sand tests, only Phase 1 is observed in the penetration pro-
cess under experimental conditions. As observed in Fig. 6,
Lf stays the same with Lw and increases rapidly to the max-
imum distance in both C-10, C-15, and C-20. This is attrib-
uted to the large pore size of coarse sand, which allows
foam bubbles to flow through the sand unimpeded. Conse-
quently, the foam behaves as a continuous fluid with a rel-
atively high viscosity. PSD curves in Fig. 3 support the
aforementioned conclusion by showing that the estimated
pore size distribution of coarse sand is almost identical to
the bubble size distribution of the foam. Roughly 80%–
90% of the foam’s volume fraction consists of bubbles
smaller than the maximum pore size of coarse sand, and
approximately 50% of the bubbles are smaller than the
d50 of the sand pores. This suggests that the majority of
bubbles can traverse the pores of the coarse sand with
minor deformation. However, only a few bubbles (around
20%), as shown in Fig. 3(b), are smaller than the maximum
pore size of medium sand. Most, but not all, bubbles can-
not migrate through pores in medium sand without chang-
ing their original shape. According to Jamin’s effect, this
will significantly increase the flow resistance. In the med-



Fig. 7. Schematic diagram of the process of foam penetration into various sand: (a) fine, (b) medium, and (c) coarse.
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ium sand tests, the bubbles deform and migrate in the pores
under high initial driving pressure (50 kPa) first. Then, the
pressure drop caused by the increase in penetration dis-
tance makes the pressure at the flow front decrease, which
is not enough to continue to push the bubble forward
deformation and migration. The air bubbles are blocked
in the pores like stoppers. However, the liquid components
in the foam continue to flow forward under the pressure
difference. This results in Lw becoming larger than Lf. In
addition, the loss of foam liquid components and the
decrease of pressure leads to an increase in bubble size
according to the Boyle’s law, and further strengthens the
blocking effect. The schematic diagram containing the ‘‘in-
jection” and ‘‘blockage and drainage” sections is used to
interpret the results of the medium sand test, as shown in
Fig. 7(b). Accordingly, in Fig. 6, the curves of M-10,
M-15, and M-20 are divided into two parts. In the first part
(‘‘injection”), Lf and Lw remain consistent and increase
rapidly to the ‘‘separation point” of about 8–10 cm. After
the separation point, the curve comes to the second part
‘‘blockage and drainage” until the end of the test. In fine
sand tests, three phases are observed in the penetration
process. Phase 1 and Phase 2 are similar to that in the med-
ium sand tests. But the separation points between Phase 1
and Phase 2 are much smaller about 1–2 cm. This is due to
the smaller pore size of the fine sand (see Fig. 2). Foam
bubbles are blocked in the pores and suffered liquid drai-
nage as described in Phase 2. Then, the drained bubbles
become unstable and break into smaller bubbles when
the unit pressure drop across the foam in the penetration
zone is too large. After a ‘‘critical point”, the penetration
process comes to Phase 3, as shown in Figs. 6 and 7. In this
Phase, vf and vw are almost equal although Lf is less than
Lw. That is, the slopes of the Lf and Lw curves (see
Fig. 6) of F-10, F-15, and F-20 are almost the same after
the critical point, respectively.

3.2 Pore pressure

Pore pressure is measured by the sensors K1–K7 modi-
fied by a filter (Zheng et al., 2021) to avoid the influence of
air bubbles. The results of tests F-10, M�10, and C-10 are
selected and analysed to get a general understanding of
how the pore pressure develops inside the sands during
the tests. Figure 8 shows the changes in pore pressure at
various sections within the soil columns. The measured
pore pressures are plotted in the figure against both the
tested time and the corresponding foam penetration dis-
tance (Lf). Upon commencing the test by opening the bot-
tom outlet, the pressures at distinct sections correspond to
the applied air pressure of 50 kPa. Subsequently, a precip-
itous decline in pore pressure in the sand is observed as the
foam penetrates it, whereas the pressure in the foam (K1)
situated above the sand remains constant. It should be
pointed out that due to the limitation of the testing device,
the reading of sensor K2 in the fine sand test is biased due
to the occurrence of preferential flow. Therefore, the curve
of K2 is not included in Fig. 8(a).



Fig. 8. Pore pressure variations with time and Lf. (a) F-10, (b) M�10, and (c) C-10.
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As referred to the design principle of the employed setup
(Xu & Bezuijen, 2019a; Zheng et al., 2021), the majority of
pressure head drop occurs within the smaller cylinder.
When the sand experiences consistent water flow without
foam penetration, the pore pressures recorded by sensors
K2–K7 are expected to remain at approximately 50 kPa.
However, due to the foam penetration in the tests, the flow
resistance in the foam penetration zone increases due to the
increase in viscosity and blockage. The pressure drops are
concentrated in the area of foam penetration. As a result,
the measured pore pressure decreases rapidly in the satu-
rated sand below the foam penetration zone. In tests F-
10 and M-10, the maximum penetration distances are
12.1 and 15.3 cm, respectively. Sensors located below the
penetration zone measured almost 0 at the end of the tests,
which indicates that most of the pressure drop is occupied
by the foam penetration zone, while the decrease of the
pressure head in saturated sand is negligible. The rapid dis-
sipation of pore pressure in the sand column indicates that
the excess pore pressure is transferred to the soil skeleton.
In test C-10, however, the penetration distance reached the
maximum observation distance of 25 cm in about 70 s. The
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foam migrates through the sand column in a steady stream.
Flow resistance increases due to increased viscosity and not
due to blockage. Therefore, the foam penetration zone
accounts for most of the pressure drop, but not all of it,
and the pressure drop in the saturated sand part cannot
be ignored.

A schematic diagram, shown in Fig. 9, further explains
the variation of pore pressure. Assume the linear distribu-
tion of pore water pressure over both the foam-infiltrated
sand and the saturated sand, which seems a reasonable
assumption as referred to in the results in Fig. 8. Pore pres-
sure distribution along the depth consists of two parts with
different hydraulic gradients. There should be an inflection
point corresponding to the foam front in the pore pressure-
distance coordinate system as shown in Fig. 9. The pore
pressure decreases linearly from u0 (50 kPa) to this inflec-
tion point and then decreases with a different gradient to
0. In the diagram, the foam front progressively penetrates
deeper sand (from x1 to x2 to x3), and the corresponding
inflection point goes from point X1 to X2 to X3. A curve
u1(x) can be obtained by connecting all the inflection
points in the penetration process. Based on the physical
attributes of the soil column, the curve can be formulated
as follows:

u1 ¼
QðLs � xÞ

kwA
; ð5Þ

where the u1 is the pressure head at the foam front (kPa); Q
is the discharge (cm3/s); A is the cross-section area of the
soil column (cm2); Ls is the equivalent length of the soil col-
umn (cm); x is the foam penetration distance (Lf) (kPa);
Fig. 9. Schematic diagram of variations of pore pressure and penet
and kw is the hydraulic conductivity of the sand for water
(cm/s).

Thus, u1 could be calculated by using the foam penetra-
tion distance (Lf) and other physical parameters of the soil
column. The curve of u1 is also plotted in Fig. 8 which is
presented in red. Also, according to the diagram, the u1

curve is the envelope of the pore pressure measured during
the permeation process which means that all the measured
pore pressures are above the curve. The u1 curve shown in
Fig. 8 is almost exactly consistent with the data measured
by the sensors (K1–K7). This indicates that the assump-
tions, measurements, and analyses made are relatively
reasonable.

In addition, assume the depth of sensor K5 is x2 in the
diagram. It is easy to derive the pore pressure development
of K5 when the penetration depth is changed from x1 to x2
to x3. As shown in the diagram, the pore pressure of K5 is
correspondingly from P1 to P2 to P3. P1 is greater than P3

and P3 is greater than P2. Therefore, the pore pressure of
K5 decreases first and then increases, which is consistent
with the experimental results in Fig. 8. For a certain sensor
(K2–K7), when the foam is injected and the foam front is
behind the sensor, the pore pressure of the sensor drops
rapidly with the injection. But the pore pressure gradually
rises when the foam front passed the sensor.

The results of fine sand and medium sand show that the
pore pressure inside the foam-penetrated sand is much lar-
ger than that in the saturated sand ahead of the foam front.
The excess pore pressure of the saturated sand ahead of the
foam front caused by penetration is nearly negligible. This
indicates that the foam-penetrated sand in the foam pene-
ration zone during foam penetration. (after Zheng et al., 2021).
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tration functions like an internal cake obtains in the slurry
penetration (Qin et al., 2023; Xu & Bezuijen, 2019b), which
helps transfer the support pressure to the soil skeleton.
However, in the coarse sand test, although foam injection
also causes a large pore pressure drop, it cannot effectively
reduce the permeability of the sand to meet the engineering
requirements. The permeability changes in the experiments
are discussed in detail in Section 3.3.
3.3 Permeability

Figure 10 shows the local permeability calculated using
Eq. (3) and the overall permeability of foam penetrated
zone calculated using Eq. (4) for tests F-10, M-10, and
C-10. The results show that the variation of permeability
can also be divided into three phases and aligns with the
delineation of the penetration process. Firstly, with foam
injection (Phase 1), the viscosity of the fluid in the sand
increases, leading to an increase in flow resistance. The
local hydraulic conductivity of the sand decreases from
kw (hydraulic conductivity of sand for water) to kf (hy-
draulic conductivity of sand for foam in Phase 1). It can
be obtained in Fig. 10 that kf and kw are constant in Phase
1. kw and kf can also be expressed by using the following
equation:

k ¼ c
g
K
�
; ð6Þ

where k is the hydraulic conductivity (cm/s); c is the unit
weight of the fluid (N/cm3); g is the viscosity of the fluid

(mPa�s); K� is the absolute permeability of the sand (cm2).
The viscosity of foam is tens to hundreds of times that of

water (refer to Fig. 1). The unit weight of water is about 10
times that of foam when FER is 10. The absolute perme-
ability of the sand is constant. Then, according to Eq.
(6), kf is much smaller than kw. Therefore, the hydraulic
conductivity calculated decreases sharply after foam injec-
tion (Phase 1).

As shown in Fig. 10, in test C-10, only Phase 1 is
observed. The local hydraulic conductivities decrease from
kw (�0.35 cm/s) to kf (�5.0 � 10�3 cm/s) when the foam
front reaches the corresponding sensor location. The over-
all permeability of the permeation zone is maintained at
about kf during the whole experiment. In test M-10, Phase
1 and Phase 2 are observed, and the separation point
between the two phases occurs when the penetration dis-
tance of about 8 cm (refer to Fig. 6(a)). In Phase 1, the local
hydraulic conductivities decrease from kw (�0.20 cm/s) to
kf (�1.5 � 10�3 cm/s) when the foam front reaches the cor-
responding sensor location (K1–K5). Then in Phase 2
(‘‘blockage and drainage”), the calculated permeability
continues to decrease as the infiltration distance exceeds
8 cm. As discussed, in this phase, microscopically, the foam
clogs the pores of the sand. Macroscopically, the viscosity
of foam increases significantly as the flow velocity
decreases. The flow resistance is further increased, and
the hydraulic conductivity is reduced. Finally, a minimum
hydraulic conductivity (kmin, �1.1 � 10�5 cm/s) can be
obtained at the end of the test. It can be seen from
Fig. 10(b) that there are two obvious descending stages in
the curve of local hydraulic conductivity (K1–K5). While
the local hydraulic conductivity calculated with sensors
(K5–K7) directly decreases from kw to kmin. The overall
hydraulic conductivity curve in the penetration zone is
divided into two parts, which firstly keep at about
kf (�1.5 � 10�3 cm/s) and then gradually decrease to kmin

(�1.1 � 10�5 cm/s). Its separation point occurs at about
8 cm, which is consistent with that in Fig. 6(a). In test
F-10, Phase 1, Phase 2, and Phase 3 are observed. How-
ever, Phase 1 is hard to distinguish in the figure because
the penetration distance of this phase is relatively short.
In principle, Phases 1 and 2 in test F-10 are similar to that
in test M-10. The minimum hydraulic conductivity is
obtained at the end of Phase 2. As shown in Fig. 10(a),
the local hydraulic conductivity (K1–K3) behind the foam
front gradually decreases to kmin (�6.1 � 10�6 cm/s) in
Phase 2. The local hydraulic conductivity (K3–K7) below
of the foam front remains around kw (�0.04 cm/s). After
then, in Phase 3 (‘‘breakage”), the local hydraulic conduc-
tivity (K1–K3) behind the foam front increases. This
change occurs when the infiltration distance is about
2 cm, which corresponds to the critical point of the F-10
curve in Fig. 6(a). In this phase, large bubbles are broken
into small bubbles, which alleviates the blockage of bubbles
in the pores and reduces the flow resistance. As a result, the
hydraulic conductivity increases in Phase 3. In addition, in
Phase 3, the local hydraulic conductivity (K3–K6)
decreases gradually as the foam front moves forward.
The overall hydraulic conductivity curve shows a similar
trend to the local hydraulic conductivity curve (K1–K3),
decreasing to kmin in Phases 1 and 2 and increasing slightly
in Phase 3.

In summary, the decrease in permeability can be attrib-
uted to two causes: increased viscosity and blockage.
Firstly, foam injection causes an increase in viscosity,
resulting in an increase in flow resistance and a decrease
in permeability. Since the foam is a non-Newtonian fluid
(see Fig. 2), its viscosity increases further as the flow veloc-
ity decreases, leading to a further decrease in permeability.
Furthermore, the Jamin’s effect during the passage of bub-
bles through pores further increases flow resistance and
reduces permeability. This result is reflected in both local
and overall permeability. Additionally, due to the smaller
pores in fine sand and medium sand, the Jamin’s effect
becomes more pronounced when foam flows through. Con-
sequently, the permeability in fine sand and medium sand is
much smaller compared to coarse sand. Moreover, the esti-
mated overall hydraulic conductivity curve shown in
Fig. 10 has almost the same trend as the local hydraulic
conductivity curve obtained by the sensors (K1–K7). This
indicates that the assumptions, measurements, and calcula-



Fig. 10. Variation of permeabilities during foam penetration: (a) F-10, (b) M�10, and (c) C-10.
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tions utilized in the permeability analysis are reasonable
and validated by the measured results.
3.4 Discussion

3.4.1 Effects of PSD and viscosity on foam penetration
characteristics

Within this study, it is found that fine and medium sand
can form low-permeable zones with permeability coeffi-
cients ranging from approximately 5 � 10�6 to 1 � 10�5

cm/s (i.e., 5 � 10�8 to 1 � 10�7 m/s) during foam penetra-
tion. Such low permeability coefficients are close to the per-
meability coefficients (about 10�9 to 10�8 m/s) observed in
the previous studies (Xu & Bezuijen, 2019a, 2019b) regard-
ing filter cakes in the context of slurry shield tunnelling.
This suggests that the low permeability zone can function
like a membrane boundary to prevent groundwater from
seeping into the shield machine. Additionally, it also effi-
ciently transfers the support pressure onto the soil skeleton
to maintain the tunnel face stability. The formation of such
a low permeability zone is affected by FER, soil porosity,
hydraulic gradient, and other factors.

Table 2 summarizes several key parameters of the sam-
ples during the tests. It can be concluded from the results
that there are two main factors affecting the permeability
characteristics of foam. The first is the relative sizes of
the sand particles and the foam bubbles, which determines
whether the foam bubbles could flow through the pores of
the sand without deformation. The other is the viscosity of
the foam, which determines the flow velocity and kf of the
foam injection process. Specifically, there was no foam
blockage or formation of low permeability zones in coarse
sand tests with large particle sizes in this study. The d50 of
pores (0.42 mm) estimated from the PSD of coarse sand is
almost equal to that of foam bubbles (0.41–0.45 mm),
which indicates that most foam can flow freely in pores.
On the contrary, in the medium and fine sand tests, the
d50 of the pores (0.20 and 0.05 mm, respectively) is smaller
than that of the foam bubbles (0.41–0.45 mm), which
makes the foam cannot penetrate through the pores with-
out deformation and leads to blockage. Thus, the kmin

due to blockage could be obtained in the medium and fine
sand tests but not in the coarse sand tests. In addition, pore
size also determines the length of the low permeability zone
(i.e., the maximum penetration distance Lf). The Lf of med-
ium sand is larger than that of fine sand due to its larger
pores. Moreover, it can also be observed from the test
results that there is a permeability reduction process (kw
to kf) in Phase 1. As discussed earlier, this reduction of per-
meability is determined by the viscosity of the foam. The
higher the foam viscosity, the more significant the perme-
ability decreases. As shown in Fig. 1, FER15 has the high-
est viscosity. Therefore, the kf, Lf, and flow velocities
measured in the tests with FER15 are all the lowest in
the tests of the same sand (see Table 2). This indicates that
there is an optimal FER to make the foam have the highest
viscosity to achieve the lowest permeability of the sand.
The bigger FER is not always better.

The previous study (Wang et al., 2020; Borio & Peila,
2010) pointed out that there is a critical hydraulic conduc-
tivity of about 1 � 10�5 m/s to maintain the stability of the
tunnel face during EPB tunnelling. Current test results
show that fine and medium sand conditioned with foam
could achieve the allowable permeability conditions. How-
ever, the conditioning of foam on the permeability of
coarse sand is not acceptable. Although foam injection also
reduces the permeability of coarse sand by increasing the
viscosity of the fluid, the permeability coefficient for coarse
sand can not meet the practical engineering requirements
due to its relatively large pore size.

3.4.2 Simplified model for estimating penetration distance at

the injection phase

Based on the preceding analysis, it can be observed that
the injection phase, as a major component of the foam pen-
etration process, largely determines the maximum infiltra-
tion distance of the foam. The penetration characteristics
during the injection phase are relatively simple and primar-
ily influenced by the viscosity of the foam. To further com-
prehend the foam penetration process, several physical
equations are employed to provide a mathematical descrip-
tion of Phase 1.

In fact, Phase 1 is a process in which a high-viscosity
fluid uniformly displaces a low-viscosity fluid from a por-
ous medium. At this phase, the viscosity and permeability
of the fluids can be considered stable, which is also con-
firmed in Fig. 10. A schematic diagram in Fig. 11 shows
the relationship between foam and water in the sand col-
umn in Phase 1. According to the definition of hydraulic
conductivity, the velocity of the fluid in the foam-
penetrated zone can be expressed as

v ¼ kf i ¼ kf
u0 � u1

L
; ð7Þ

where v is the velocity of the fluid (cm/s); kf is the hydraulic
conductivity of the sand column for foam in Phase 1 (cm/
s); i is the hydraulic gradient; u0 is the initial pressure head
at the sand surface (kPa); u1 is the pressure head at the
foam front (kPa); L is the penetration distance (cm).

The velocity of the fluid below the foam-penetrated zone
can be expressed as

v ¼ kwi ¼ kw
u1

Ls � L
; ð8Þ

where kw is the hydraulic conductivity of the sand column
for water (cm/s); Ls is the equivalent length of the sand col-
umn (cm).

Also, the relationship between fluid velocity and pene-
tration distance can be expressed as

v ¼ dL
dt

� n; ð9Þ

where t is the time (s).



Fig. 11. Assumption of pore pressure distribution along with distance in
Phase 1.

Fig. 12. Variation of measured (Lf) and theoretical values of penetration
distance with time in Phase 1: (a) M-10, and (b) C-10.
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Since the velocity of the fluid in the sand column is con-
stant at a certain time, it can be obtained from Eqs. (7)–(9):

L ¼ u0kwkf
nðkw�kfÞ �

dt
dL

� kfLs

kw � kf
: ð10Þ

Let

a ¼ u0kwkf
nðkw�kfÞ ; ð11Þ

b ¼ kfLs

kw � kf
; ð12Þ

where u0 is the initial pressure head (50 kPa). kw, and kf are
constants in Phase 1, which are summarized in Table 2.
Then a and b are constants, and the Eq. (10) can be
expressed as

L ¼ a � dt
dL

� b: ð13Þ

By solving the above differential equation with the
boundary condition of t = 0 and L = 0, the relationship
between L and t can be expressed as

L ¼ ð2at þ b2Þ
1
2 � b: ð14Þ

The equation presented above bears similarities with the
one proposed by Galli (2016) to model the short-term pen-
etration process. However, this equation is believed to be
more reliable due to its inclusion of physical information.
It should be aware that the equation is only suitable for
the short-term penetration process. The short-term pene-
tration stands for the penetration of foam in Phase 1 with-
out considering drainage due to decay. This is because a, b
and their associated parameters can be considered con-
stants only during short-term penetration, before the ‘‘sep-
aration point”. After the ‘‘separation point”, the
permeability of the penetration zone gradually decreases
and is no longer constant. And the assumptions in the dia-
gram shown in Fig. 11 are no longer valid.

In order to further verify the correctness of Eq. (14),
parameters u0, Ls, n, kw, and kf obtained in the experiments
are used to calculate a and b, and a theoretical curve of L
about t is drawn. As shown in Fig. 12, the results of M-10
and C-10 are selected as an example. Meanwhile, the mea-
sured curves of L with t before the ‘‘separation point” are
also shown in Fig. 12. The results show that the measured
values are very close to the theoretical values with R2

greater than 0.98 in both coarse and medium sand tests.
Unfortunately, the experimental data before the ‘‘separa-
tion point” of fine sand tests are too less to be used to verify
the equation. Even though, the results of coarse sand and
medium sand tests are sufficient to demonstrate the theo-
retical correctness of the Eq. (14). This also confirms that
foam uniformly displaces water in the sand column in
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Phase 1, and the flow in both the penetrated and unpene-
trated zones conforms to Darcy’s law.

However, as shown in Fig. 13, the measured value grad-
ually deviates from the theoretical value after the ‘‘separa-
tion point” in medium sand tests. After the ‘‘separation
Fig. 13. Variation of measured (Lf) and theoretical values of penetration
distance with time before and after ‘‘separation point”: (a) M-10,
(b) M-15, and (c) M-20.
point”, Eq. (14) no longer applies. From a macro perspec-
tive, this can be attributed to changes in the viscosity of the
foam. The penetration process described in Eq. (14) is a
process in which the flow velocity decreases gradually. As
the flow velocity decreases, the shear rate of the fluid in
the pore decreases. Since the foam is a non-Newtonian
fluid (see Fig. 1), its viscosity increases significantly as the
shear rate decreases. The increase in viscosity will, in turn,
further reduce the flow velocity. Therefore, the measured
value gradually becomes smaller than the theoretical value
after the separation point. At the same time, with the
increasing resistance of foam migration in the pore, foam
bubbles and liquid separation appeared. From the micro-
scopic point of view, bubbles gradually replace the water
in the pores in the penetration zone in Phase 1. The increas-
ing number of bubbles in the pores is thought to block the
flow of fluid in the pores. Furthermore, with the increase of
penetration distance, the hydraulic gradient applied in the
penetration zone becomes smaller and cannot continue to
drive the bubble migration. Therefore, the penetration dis-
tance does not rise after the separation point as the theoret-
ical result.

In general, the short-term penetration process of foam
conforms to Darcy’s law and can be described by the phys-
ical equation. However, the long-term penetration of foam
is complicated. It involves the viscosity and the decay pro-
cess of the foam since it considers the whole foam penetra-
tion period. In the future, the long-term penetration
process of foam should be further explained by combining
more experimental studies on the microscopic properties of
the foam.

4 Conclusions

In this study, the penetration characteristics of foam in
three types of sand with different PSD are investigated.
The findings indicate that the short-term penetration pro-
cess of foam is consistent with Darcy’s law and can be
described by a physical equation. However, the long-term
penetration of foam is complex and involves the decay pro-
cess and viscosity of the foam. Moreover, the results indi-
cate that foams with different FER can create low
permeability zones during the penetration process in med-
ium sand and fine sand. This low permeability zone can aid
in uniformly transmitting support pressure to the soil skele-
ton of the tunnel face to maintain construction stability.
However, in coarse sand, a low permeability zone cannot
be formed during the foam penetration process. The differ-
ences in test results are attributed to the variations in vis-
cosity of the foam and the relative sizes of foam bubbles
and sand particles. Based on these findings, it may be pos-
sible to improve the effectiveness of soil conditioning dur-
ing EPB tunnelling by considering measures such as
increasing the viscosity of the soil conditioner with the
addition of polymers, modifying the soil pores by adding
suspensions (slurries), or optimizing the foam formulation
to improve soil conditioning performance.
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This study introduces a novel research perspective by
employing an innovative experimental approach to moni-
tor the gas and liquid migration during foam penetration.
Whereas this study only serves as an initial step in intro-
ducing novel research methodologies, and further explo-
ration is required based on this approach, particularly in
considering the interaction between foam degeneration
and penetration characteristics. Future research should
focus on integrating experimental studies of both the
microscopic and macroscopic properties of foam to offer
a more comprehensive understanding of the foam penetra-
tion process. Specifically, from a microscopic standpoint, it
is crucial to account for the influences of factors such as
foam’s gas–liquid interactions, surface tension, and Jamin’s
effect on the foam penetration process. From a macro-
scopic perspective, it is possible to incorporate the use of
rheological models of the non-Newtonian fluid to analyse
the process of foam penetration. The overarching objective
aims to enhance the understanding of foam properties and
its penetration behaviour, thus providing guidance for
employing foam as a soil conditioner in EPB shield
tunnelling.
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