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Abstract

Tunnel excavation in a soft ground is often conducted utilizing excavation machines, including earth pressure balance (EPB) boring 

machines. A safe and economical excavation using this method requires adding materials such as foam and polymer to the soil 

inside the chamber and the tunnel face to control parameters like permeability, plasticity, shear resistance, and compressibility. 

Using an experimental method, the present study investigates the effects of granulation, soil moisture content, and pressure on the 

permeability of a soil conditioned with foam. According to the results, as the effective grain size (d10) increased from 0.1 to 0.4 mm, 

the permeability of the conditioned soil grew from 2.28 × 10−5 m/s to 12.3 × 10−5 m/s. A rise in the coefficient of curvature (Cc), while 

the percentage of the materials passing through the sieve No. 200 was kept constant, increased the permeability coefficient (ki) of 

the specimens since the medium-grained particles (d30) became coarser. A rise in Cc and the percentage of materials passing through 

sieve No. 200 resulted in an initial rise in the ki due to the lack of contribution of d30 and a subsequent reduction in it caused by the rise 

in fine-grained materials. The ki was also found to have inverse relationships with the uniformity coefficient (Cu) and pressure. As Cu 

increased from 3 to 20, the ki declined from 1.23 × 10−5 m/s to 0.71 × 10−5 m/s.
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1 Introduction
A suitable soil for excavation with earth pressure balance 
(EPB) shield tunnelling is one that can form a soft plas-
tic material capable of applying pressure to the tunnel face 
and has low permeability to prevent underground water 
drainage after excavation and entering the pressure cham-
ber. Accordingly, soil permeability is an effective parameter 
in the performance of an excavator, especially in tunnels 
located below the water table. Permeability of granular soils 
is strongly related to the grain size [1]. According to the lit-
erature, the appropriate value of soil permeability for EPB 
machines is less than 1 × 10−5 m/s. In grounds such as allu-
vial lands where the underground water table is above the 
tunnel, the permeability value is higher than 1 × 10−5 m/s, 
which should be reduced by applying appropriate materi-
als to prevent the flow of underground water into the spiral 
conveyor [2]. Foam is among the materials usually used in 
such conditions to improve soil properties. Foam, which is 

produced by mixing a foam solution with air, is injected into 
the tunnel face through nozzles to create an impermeable 
layer. It is worth noting that the mixture must be injected 
immediately as long as the air bubbles exist. When the foam 
is added, the air bubbles reduce the density of the exca-
vated soil and the friction between soil particles, reducing 
the power required for an excavation machine. Moreover, 
the bulk modulus of the soil conditioned with foam is lower, 
allowing for controlling the pressure of the tunnel face [3]. 
A number of studies have been performed on the permeabil-
ity of soils conditioned with foam. The following mentions 
a few examples of such studies.

Borio and Peila [4], conducted experiments to study the 
permeability of a soil conditioned with foam. The tests 
were performed on two different types of clay at the pres-
sures of 0.1 and 1 bar (according to ASTM D2434-19 [5] 
standard). The studied foam had a Cf of 3%, a half-life of 
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200 sec at foam expansion ratio (FER) = 12 and a half-
life of 110 sec at FER = 7.5. The results of the tests on 
clay (fluvial sand) indicated that the addition of foam to 
the samples increased the time required for water to pass 
through the specimens. Moreover, increasing the applied 
pressure to one bar played a crucial role in soil permeabil-
ity although it did not become completely impermeable.

Peila [6], investigated the permeability of the soil with 
0%, 40%, and 60% foam injected. They found that the 
permeability of the soil decreased as the percentage of the 
injected foam increased.

Using slump and permeability tests, Kim et al. [7], stud-
ied the improvement of two types of weathered granite soil. 
In the first soil with a moisture content of 30% and a foam 
injection ratio (FIR) of 22–67%, the slump values varied 
between 10 cm and 20 cm, indicating good workability 
according to the standards. Meanwhile, the optimal work-
ability occurred at the moisture content of 15% and FIR of 
22–67% in the second soil. Accordingly, they concluded that 
the moisture content had a great effect on the slump value.

Changing foam parameters (FIR, FER, and half-life), 
Zhou and Yang [8], studied the permeability of cohesive 
soils. They found an inverse relationship between the 
half-life of the foam and the permeability of the soil con-
ditioned with it. For instance, with a half-life of greater 
than 30 minutes (40 ZD, 50 ZD, and 60 ZD), FER = 10, 
and FIR = 50, the permeability of soils decreased to less 
than 2 × 10−4 cm/s. Furthermore, higher values of FER 
resulted in higher foam stability and lower soil permea-
bility. The results of permeability experiments and field 
tests indicated highly stable foaming agents with a moder-
ate FER (= 10–20%) and FIR (= 50%–75%) as an effective 
means to reduce the permeability of cohesionless soils and 
prevent water seepage from screw conveyors.

Hu et al. [9], investigated the effects of hydraulic gradi-
ent on the permeability characteristics, including the ini-
tial permeability coefficient (ki ), initial stability time ( ts ), 
and the increase rate of ki on a soil conditioned with foam. 
According to the outcomes, ki increased with the hydraulic 
gradient, having significant values at hydraulic gradients 
of greater than 11. An inverse relationship was also found 
between the hydraulic gradient and the initial ts.

Kim et al. [10], explored the workability of five types of 
weathered granite soils using the slump and permeability 
tests. They found that the amount of moisture required to 
achieve optimal workability increased with the amount of 
fine-grained materials in the soils.

Tao et al. [11], investigated the effectiveness of soil condi-
tioning with foam on fully weathered granite in Guangzhou 

Metro Line 21. They found that the type of foaming agent, 
pressure, and foam injection ratio affected the performance 
of the soil conditioned with foam. They also proposed 
a conditioning design to improve tunneling efficiency.

Sebastiani et al. [12], classified 15 commercial foaming 
products based on their half-life time for EPB mechanized 
tunneling. They divided the products into five classes 
based on their ability to generate stable foam. The pro-
posed classification can be useful for manufacturers and 
engineers, allowing them to choose the most appropriate 
product by performing only a few laboratory experiments.

Wang et al. [13], expanded an analytical model based 
on the permeation theory of pure foam to estimate the 
coefficient of permeability of a soil conditioned with 
foam. They studied 18 foam-conditioned soils (with dif-
ferent conditioning parameters) through a series of large-
scale permeability experiments to validate the analytical 
model. The results revealed a generally good agreement. 
Moreover, the coefficient of permeability was raised for 
fully conditioned soils with the effective particle sizes of 
the soil and foam.

Pasand Masoumi et al. [14], sought the optimum param-
eters of silty-clay (CL-ML) soils conditioned with different 
foam factors and water contents in EPB tunnelling. The opti-
mum values of foam injection ratio, foam expansion ratio, 
and percentage ratio between surfactant agent and water vol-
ume equaled 157%, 10, and 2.07, respectively. Soil condi-
tioning with the mentioned values was tested in two stages 
during the excavation. The results indicated a reduction in 
soil conditioning costs and a rise in the advance speed.

In the present study, mixtures of soil and foam were pre-
pared to evaluate the effects of granulation, soil moisture 
content, and pressure on the soil permeability on a labo-
ratory scale. In these experiments, the effect of d10 was 
investigated, as well as the effects of coefficient of cur-
vature (Cc ) and uniformity coefficient (Cu ), using six and 
four types of soil with different grain sizes, respectively.

2 Tests and materials
As mentioned, to conduct experiments, six types of gran-
ular soil with different granularity (according to ASTM 
C136 [15] standard) were prepared using the dry method. 
Fig. 1 demonstrates the used soil types, along with their 
gradation curves. Moreover, the properties of the soils 
(prepared from Tabriz Subway [16]) are listed in Table 1.

Table 2 provides the properties of the used foam, pro-
duced by Kashan Komail Company (KF 168B). Foam 
parameters, including FER, FIR, half-life, and concentra-
tion, are among the factors that must be determined before 
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conducting tests. The foam was produced using the appa-
ratus shown in Fig. 2.

The specimens were prepared using the same method 
in all tests. A mixing container was filled with a certain 
amount (4 kg) of soil in the dry state. Then, water was 
added to the specimens to provide the required soil mois-
ture content (5%, 10%, and 15%). After creating a uniform 
state using a mixer, the foam with a certain expansion 
ratio was added to the mixture, and the mixing continued 
for about 120 sec until the material was completely mixed.

The slump test (according to the ASTM C143 [17] stan-
dard) was used to determine the plasticity of the soil con-
ditioned with foam. To this end, the conditioned soil was 
poured in three layers, with each layer compacted with 

25 strikes. Then, the cone was pulled up carefully about 
30.5 cm for 5 sec and placed upside down next to the soil. 
The height difference between the steel cone and the soil 
cone indicated the slump value.

The soil permeability test under a constant load was 
performed according to the ASTM D2434-19 [5] standard 
using the apparatus shown in Fig. 2, which is usually used 
to measure the permeability using slow flow and constant 
load in coarse-grained soils.

3 Results and discussion
The permeability test on the mixture of soil and foam was 
performed in the following steps. First, the foam was pro-
duced using the foam machine according to the Cf and FER 
values, and the soil was prepared with a specific granu-
lation and moisture content. After mixing the prepared 
soil and foam inside a mixer, the mixture was poured into 

Table 1 Properties of the soils used in the experiments

Soil d10 d30 d60 Cc Cu

1 0.1 0.16 0.3 0.85 3

2 0.15 0.27 0.5 0.97 3.3

3 0.2 0.39 0.8 0.95 4

4 0.3 0.6 1.7 0.7 5.66

5 0.4 1.7 10 0.72 25

6 0.6 3.5 35 0.29 58.3

Fig. 1 Soil type and soil gradation curve

Table 2 Properties of KF 168B and foam

Properties of KF 168B Parameters of the foam

State Liquid Density 3%

Color Colorless FER 7.5

Density at 20 °C 
(kg/m3) 1035 FIR 60

Viscosity at 20 °C 
(m Pa s) 100 Half-life 10 min and 12 sec

pH at 20 °C 6.5–7.5

Solubility in water Completely 
soluble

Fig. 2 The foam production machine
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a permeability chamber and compacted using a 5.5-lb 
proctor. Then, the metal cap was tightly closed. In the 
next step, the water with a certain pressure was injected 
into the mixture of the soil and foam, and when the water 
was drained towards the well at a constant speed, the time 
required for two liters of water to pass through the speci-
men was recorded. The permeability tests were conducted 
at pressures of 0.5, 1, and 1.5 bar and soil moisture con-
tents of 5, 10, and 15%. Eventually, the effects of granula-
tion, soil moisture content, and pressure on the permeabil-
ity of the soil conditioned with foam were studied.

3.1 The effect of granulation on permeability
To investigate the effect of granulation on soil permeabil-
ity, the effects of three parameters, i.e., d10, Cc and Cu were 
studied in the experiments.

3.1.1 The effect of d10 on soil permeability
To investigate the effect of d10 on the soil permeability, 
the tests were carried out on the soil conditioned with 
foam with moisture contents of 10 and 15% and the prop-
erties mentioned in Table 2. The results obtained from the 
experiments Fig. 3 indicated the inverse and direct rela-
tionships of the water passage time with the pressure and 
soil moisture content, respectively, in all types of soils 
with different values of d10.

As shown in Fig. 3, the change in soil granularity from fine 
grains to coarse grains caused a significant reduction in the 
time required for the water to pass through the conditioned 
soil. Fig. 4 depicts the obtained ki versus different granulari-
ties at different pressures and soil moisture contents.

According to Fig. 3 and Fig. 4, as d10 increased from 
0.1 mm to 0.6 mm, the time required for the water to pass 
through the soil-foam mixture decreased, i.e., the permea-
bility increased. For instance, the ki of the soil conditioned 
with foam increased from 2.28 × 10−5 m/s to 12.3 × 10−5 m/s 
with the rise in d10 from 0.1 to 0.4 mm at the pressure 
of 1 bar and soil moisture content of 10%. This can be 
explained by the fact that when the soil is fine-grained, 
the particles can be easily mixed with foam and form an 
impermeable structure against water. In other words, the 
injection of foam is equivalent to the rise in fine-grained 
particles, which fill the pores between the coarse-grained 
particles. As a result, the structure of the soil becomes 
denser, and its permeability decreases. It should be noted 
that the slope of the rise in the ki also increased with d10. 
The following explains the reason behind this phenome-
non. According to Hazen's [18] formula, proposed for the 

ki of unmodified clay soils that given in Eq. (1) as follows:

k C di e� �
10

2
,  (1)

where ki is the permeability coefficient (m/s), Ce is the 
parameter that depends on the holes in the soil and is con-
stant and d10 is the effective grain size (mm).

A slight rise in d10 increases the ki in the soil condi-
tioned with foam. It seems that in a soil conditioned with 
foam, the soil plays a small role in reducing the permea-
bility, and the ability to create an impermeable structure 
against water depends on the foam, which fills the voids 
of the soil. The rise in the ki of the conditioned soil has 
a slight slope at low values of d10. The rise in the value 
of d10 increases the number of coarse-grained particles, 
resulting in a sudden increase in voids among the soil 
particles so that the foam cannot fill them. Thus, a large 
volume of water flows directly from the soil, resulting in 
a sudden rise in the permeability and, consequently, a sud-
den rise in the slope of the graph.

Fig. 3 Effect of d10 on the water passage time at pressures of 1 and 
1.5 bar: (a) soil moisture content: 10%; (b) soil moisture content: 15%

(a)

(b)
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3.1.2 The effect of the coefficient of curvature (Cc) on 
permeability
Experiments were conducted with four different types of 
soil granularity to investigate the effect of the Cc on the 
permeability of the soil (Fig. 5).

Among the factors that affect the Cc , i.e., d10 , d30 and 
d60 , the value of d30 was changed while the values of d10 
and d60 were kept constant at the moisture content of 15% 
and pressure of 1 bar (Table 3).

Fig. 6 depicts the water passage times and the Cc for the 
four soil types. It is worth noting that the experiments were 
carried out twice to improve the accuracy of the results.

The ki of the soil conditioned with foam increased with 
Cc. However, given the constant value of d10 , the changes in 
permeability were not significant. The maximum and min-
imum kis equalled 2.42 × 10−5 and 1.23 × 10−5 m/s, respec-
tively, i.e., the maximum ki was 1.96 times the minimum ki .

This can be explained by the fact that according to 
the relationship between the Cc and d30 that described in 
Eq. (2) as follows:

C
d
d dc �
� �
�
30

2

10 60

,  (2)

where Cc is the coefficient of curvature, d30 is the medi-
um-grained particles (mm), d10 is the effective grain 
size (mm) and d60 is the particle size at which 60% of the 
particles are finer than d60 size (mm).

The rise in Cc increases the amount of medium-sized 
grains and, thus, the ki of the soil conditioned with foam.

The effect of Cc on the permeability of four types of con-
ditioned soil was studied by adding fine particles passing 
through a sieve No. 200 at a moisture content of 15%. Fig. 7 

Fig. 4 The permeability of the soil conditioned with foam versus 
d10 at the moisture contents of 10 and 15%: (a) the pressure of 1 bar; 

(b) the pressure of 1.5 bar

(a)

(b)

Table 3 Physical properties of the soils

Soil 1 2 3 4

d10 0.1 0.1 0.1 0.1

d30 0.16 0.2 0.3 0.4

d60 0.3 0.3 0.3 0.3

Cc 0.85 1.33 3 5.3

Cu 3 3 3 3

Fig. 5 Soil specimens and Granulation diagrams of the soils
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shows the diagram of the soil gradation, and Table 4 lists 
the physical properties of the soils. Fig. 8 demonstrates the 
graphs of water passage time and ki s of the conditioned soils.

According to the results, as the percentage of the mate-
rial passing through sieve No. 200 increased, the perme-
ability experienced an initial rise due to the reduction in 
d30 , while decreasing at higher percentages of the fine-
grained material.

3.1.3 The effect of the uniformity coefficient (Cu) on the 
permeability
Experiments were conducted on four types of soil with 
different granularities (Cu = 3, 5, 10.5 and 20) to investi-
gate the influence of the uniformity coefficient on the per-
meability of the soil conditioned with foam (Fig. 9).

The experiments were carried out by changing the val-
ues of Cu while keeping d10 and Cc constant (Table 5) at 
the pressure of 1 bar and moisture content of 15%. Fig. 10 

illustrates the results of the permeability tests on the soils. 
To increase the accuracy of the results, the tests were per-
formed twice, which indicated good compliance.

According to Fig. 10, the ki of the soils conditioned with 
foam had an inverse relationship with the Cu. The rate of 
change was similar to that of Cc. The maximum and min-
imum ki s equaled 1.23 × 10−5 m/s and 0.71 × 10−5 m/s, 
respectively. It seems that with the rise in the Cu , the pores 
between the coarse grains can be filled with fine and 
medium grains, and the addition of the foam to the soil 
structure prevents the water from moving through the 
coarse particles, reducing the permeability of the soil.

3.2 The effect of moisture content on permeability
Soil moisture is an effective factor in permeability. 
In order to investigate the effect of moisture, tests were 
carried out on specimens 4, 5, and 6 (Table 1) that were 
conditioned with foam (whose properties are shown in 
Table 2) at the pressure of 0.5 bar and moisture contents of 
5, 10, and 15%.

The outcomes revealed that with the rise in the moisture 
content from 5% to 15%, the time required for the water 
to pass through the specimens increased and, thus, the ki 
decreased (Fig. 11). This reduction can be justified by the 
fact that with the rise in the soil moisture, the particles 

Table 4 The physical properties of the soils (increase in the percentage 
of fine-grained particles)

Soil 1 2 3 4

d10 0.1 0.1 0.1 0.1

d30 0.16 0.2 0.3 0.4

d60 0.3 0.3 0.3 0.3

Cc 0.85 1.33 3 5.3

Cu 3 3 3 3

The percentage of material 
passing through sieve No. 200 6 7 8 9

Fig. 6 The effect of the Cc at the moisture content of 15% and pressure 
of 1 bar: (a) Water passage time; (b) Permeability

(a)

(b)

Fig. 7 Soil gradation (increase in the percentage of fine-grained particles)
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inside the soil become more mobile. In other words, as the 
moisture in the soil approaches the saturation state, it fills 
the pores and discontinuities, thus preventing the flow of 

water and reducing permeability. The conditioned soil 
type 4 became impermeable at a pressure of 0.5 bar and 
a moisture content of 15%.

3.3 The effect of pressure on permeability
Permeability tests were performed on soil specimens 4, 5, 
and 6 (Table 1) that were conditioned with foam (Table 2) 
at a moisture content of 15% to investigate the impact of 
pressure. Fig. 12 shows the results.

Table 5 Physical properties of the soils

Soil 1 2 3 4

d10 0.1 0.1 0.1 0.1

d30 0.16 0.2 0.3 0.4

d60 0.3 0.5 1.05 2

Cc 0.85 0.85 0.85 0.85

Cu 3 5 10.5 20

Fig. 8 The influence of the Cc on the conditioned soil with an increase 
in the percentage of the fine-grained particles at the moisture content 

of 15% moisture and pressure of 1 bar: (a) Water passage time; 
(b) Permeability

(a)

(b)

Fig. 9 Granulation diagrams of the soils (Cu = 3, 5, 10.5 and 20)

Fig. 10 Influence of the Cu on the permeability at the moisture content 
of 15% and pressure of 1 bar: (a) Water passage time; (b) Permeability

(a)

(b)
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As the pressure on the conditioned soil increased, the 
time required for the water to pass through the specimens 
declined, and, thus, the ki grew. It is worth noting that 

soil-foam mixture No. 4 numbers became impermeable at 
a pressure of 0.5 bar and a moisture content of 15%.

4 Conclusions
This study investigated the impacts of several parame-
ters, such as granulation, pressure, and moisture content, 
on the ki of coarse-grained soils conditioned with foam. 
The following is a summary of the obtained results. As the 
value of d10 increased, soil particles could not be easily 
mixed with foam, and it was more difficult to create an 
impermeable structure against water. Accordingly, the 
permeability increased. For instance, the rise in d10 from 
0.1 to 0.4 mm at the pressure of 1 bar and moisture con-
tent of 10% increased the ki of the conditioned soil from 
2.28 × 10−5 m/s to 12.3 × 10−5 m/s.

The rise in the Cc of the soils from 0.85 to 5.3 while 
the percentage of materials passing through sieve No. 200 
was kept constant increased the ki from 1.23 × 10−5 m/s 
to 2.42 × 10−5 m/s. Moreover, increasing the Cc of the soil 
and the percentage of materials passing through sieve 
No. 200 resulted in a rise in the ki from 1.23 × 10−5 m/s to 
1.9 × 10−5 m/s. A rise in the soil Cu from 3 to 20 reduced 
the ki from 1.23 × 10−5 m/s to 0.71 × 10−5 m/s due to the 
non-uniformity of the soil. At a constant pressure, the rise 
in the moisture content and addition of the foam increased 
the water passage time by filling the void spaces in the soil 
and, thus, reducing the permeability of the conditioned 
soil. With a rise in the pressure on the conditioned soils, 
the water passage time declined, and the ki grew.

Fig. 11 Changes in the water passage time through the conditioned soil 
versus the moisture content at a constant pressure

Fig. 12 Variations of water passage time through the conditioned soil 
with pressure at a constant moisture content
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